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Abstract
Columnar mesophases of discotic liquid crystals (DLCs) are an emerging class of organic
semiconductors that have several advantages over widely applied organic semiconductors
based on conductive polymers and glasses of small molecules, such as high charge carrier
mobility of >1 cm2V-1s-1 and charge carrier diffusion length of 70 nm. Two important
deficiencies that hamper the application of DLCs in organic electronic devices are an
insufficient control over their frontier orbital energies and the alignment of their columnar
stacks. This dissertation reports a first systematic study on the control of frontier orbital
energies, along with other electronic properties, by alterations of molecular structure and
two new approaches towards monomolecular alignment layers for columnar discotic
mesophases.
Solution cyclic voltammetry and UV-Vis absorption spectroscopy as well as
computational studies at the DFT level were employed to measure and predict electronic
properties of DLCs based on triphenylene and phthalocyanine derivatives (Chapters 2-4).
These are the first reported studies that systematically compare changes of the molecular
structures of DLCs with changes of their frontier orbital energies and mesomorphism. Our
comparative studies on electron acceptor DLCs provide the first ranking of electron
withdrawing groups based on their potential of lowering the energy of the lowest
unoccupied molecular orbital (LUMO) of the discotic core. Unexpected was the large
dependence of the frontier orbital energies on the symmetry of the substitution patterns.
Symmetric patterns give higher LUMO energies mainly because of degenerated frontier
orbitals.
Objective of the investigation of octa-carboxylic acid and octa-alcohol substituted
tetraazaporphyrin (TAP) dyes in Langmuir-Blodgett (LB) monolayers (Chapter 5) is the
generation of self-assembled monolayers with the elusive face-on orientation of the TAP
macrocycles. Monolayers are formed only by the TAP derivatives with the longest tested
aliphatic spacer between the macrocycle and the carboxylic acids or alcohol groups and
only the octa-carboxylic acid TAP remains in a face-on orientation at surface pressures
sufficiently high for the transfer of good quality LB monolayers. However, the molecular
conformation is spider-like with the TAP macrocycle being physically and electronically
vi

removed from the surface by the length of the orthogonal decyl chains, which is probably
unfavourable for charge injection.
In the second approach, TAPs containing azide groups were mixed with TAPs containing
acetylene groups and cross-linked by interfacial Cu(I) catalyzed “click-chemistry” in a
Langmuir film (Chapter 6). The cross-linking process reached astonishing conversions of
70% but the employed TAPs were insufficiently amphiphilic to produce stable
monolayers. Consequently, 3-dimensional cross-linked TAP structures were obtained
instead of monolayers.
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Part I: Electronic Properties of Discotic Liquid Crystallines
1a.1. Discotic liquid crystals
Discotic liquid crystals (DLCs) have been studied as an alternative class of organic
semiconductors due to their advantageous properties1 such as long-range self-assembly,
self-healing, solubility in a variety of organic solvents, and high charge-carrier mobility
along columnar stacks.2-4 In the columnar liquid crystalline phases of DLCs the diskshaped molecules interact through the overlap of the π-orbitals of their aromatic cores.
Each stack of aromatic cores provides a one-dimensional pathway for charge carrier
transport along the column, in most cases with holes as major charge carriers.5-8 Their
high and anisotropic charge carrier mobility makes them promising candidates for
applications in organic devices such as photocopiers, laser printers, light emitting diodes
(OLEDs), field-effect transistors (OFETs), photovoltaic cells (OPVs), and holographic
data storage.9-11
Conventional inorganic semiconducting materials are often subdivided into electron rich
(p-type or easily p-doped with an electron acceptor) and electron deficient (n-type or
easily n-doped with an electron donor) semiconductors, whose main carriers are holes and
electrons, respectively.12,13 However, this categorization is less useful for organic
materials because their electronic properties usually cannot be described with a bandmodel but charge carriers are more localized. It has been shown for discotic organic
semiconductors that electron and hole transport properties are independent of electron
acceptor or donor properties.14 In fact, transport of electrons and holes is controlled by the
overlap between occupied and unoccupied frontier orbitals in columnar stacks,
respectively, while donor and acceptor properties depend on the energies of the occupied
and unoccupied frontier orbitals, respectively.
Most reported DLCs are electron rich and function as electron donors while only a few
electron deficient (electron acceptor) DLCs are known.15-17 Frontier orbital energies, that
strongly influence charge transport across interfaces, can be adjusted by changing the
molecular structure of DLCs although these structural changes are limited by the
requirements of the mesomorphism. More electron deficient (acceptor) DLCs are usually
obtained by the attachment of electron withdrawing groups to the aromatic system or by
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the introduction of elements that are more electronegative than C (e.g. N) into the core.
These systematic changes to frontier orbital energies will be discussed in more detail later
in this chapter.
The charge carrier mobility in organic DLC materials may determine their suitability for
use in electronic devices18,19 since the performance of any organic electronic device
depends on the mobility of the charge carriers. Effective charge transport in DLCs
strongly depends on π-bonding orbitals, their overlap and the energy gap of the orbitals.20
In disordered DLCs, there is limited overlap between π-systems of stacked molecules
because the average stacking distance is larger than 3.5 Ǻ. The average core-core distance
in more ordered columnar phases of DLCs is typically below 3.5 Ǻ and generates
sufficient overlap between the π-systems for charge conduction. In contrast, the distances
between the centers of cores in adjacent columns is dictated by the size of the core and
the length of the side-chains that typically add up to 20-40 Ǻ. Flexible alkyl chains
around the cores significantly insulate columns from neighboring columns and
conductivity is significantly lower between stacks than along the columnar stacks. Charge
carrier mobility values along the columnar stacks can reach values larger than 1 V cm-1s-1
will the values orthogonal to the stacks is at least by a factor of 1000 smaller (Figure 1.1).

Figure 1.1. The anisotropic charge carrier mobility values of discotic compounds. Modified
version of Figure 1b from the article: Bilal R. Kaafarani, Chem. Mater., 2011, 23 (3), 378–396.
Reprinted by permission of the publisher (ACS Publication, http://www. http://pubs.acs.org/).
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1a.2. Category and Structure of DLCs compounds
Intense efforts have been made to develop DLCs compounds of different shapes and
structures for applications in organic electronic devices.21,22 Mesophases of DLCs are
usually categorized into two types, nematic and columnar, based on the structure of their
mesophases. In the nematic phase, discs have no long-range positional order but only
long range orientational order while in the columnar phases the discs stack into columns
with long-range orientational and 2-dimensional positional order (Figure 1.2). The
columnar phases are better suited for organic electronics applications because of their
better overlap between π-systems.

Figure 1.2. Schematic representations of (a) the discotic nematic and (b) the columnar phase.
Reprinted by permission of the publisher (Connexions collection: Physical Methods in Inorganic
and Nano Chemistry (http://cnx.org/content/col10699/latest/).

Many types of discoid cores have been reported in the literatures such as triphenylene
(TP), 2 hexaazatriphenylene (HAT)23, phthalocyanine (Pc)24, porphyrin25, triazine26,
hexa-peri-hexabenzocoronene27,
29

perylene

(Figure 1.3).

Quinoxalinophenanthrophenazine

(TQPP)28,

and

In this thesis, we focus on the electronic properties of

triphenylene and phthalocyanine derivatives.
1a.2.1. Triphenylene derivatives
Triphenylene (TP) is a polycyclic aromatic hydrocarbon that has been extensively studied
in chemistry and materials science due to its attractive chemical, optical, and electronic
properties.30 The triangular-shaped molecule owes its particular chemical stability to its
4

aromatic character. TP chemistry is well developed and various strategies for the build-up
of substituted derivatives are available. Liquid crystallinity is driven by microphase
separation between aliphatic side-chains and the aromatic core while the π-stacking forces
of the planar TP cores and van der Waals interactions of the lateral side chains are relative
weak unless the TP is electron deficient or contains a strong lateral dipole.

Figure 1.3. Some selected core structures for DLCs.
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1a.2.2. Phthalocyanine derivatives
Phthalocyanine (Pc) is a symmetrical 18 π-electron aromatic macrocycle, closely related
to the naturally occurring porphyrins.31 Since its discovery in 1907 by Braun and
Tcherniac, Pc and its derivatives have been extensively used as colorants (dyes or
pigments). These molecules can be further categorized into metal-free phthalocyanines
(H2Pc) and metallated phthalocyanines (MPc) that contain a metal ion positioned at the
centre of the core. MPcs have drawn much attention for their remarkable physical
properties, chemical, and thermal stability up to 500 °C. Phthalocyanines have been used
as semi- and photo-conductors for decades because of their exceptional electro-optical
properties and high stability. Their large discoid conjugated macrocycle and strong π−π
molecular overlap within the columnar stacks make them ideal building blocks for
DLCs.32 More recently they have been employed in several opto-electronic applications
such as chemical sensors,33 photodynamic reagents for cancer therapy34 and other medical
applications, and nonlinear optical materials.35

1a.3. Effect of Structural Change on Frontier Orbital Energy
A typical discotic mesogen generally includes a central aromatic conjugated core
functionalized with three to eight flexible chains. The structure of the conjugated core and
their columnar packing governs charge conduction and molecular-level electronic
properties, whereas self-assembly is controlled by both the core structure and the types,
number, and position of atached flexible chains. Consequently, the overall electronic
properties of the materials depend on the core structures, the types of linking groups, and
the types of substituents as shown in Figure 1.4. Surprisingly, no studies have been
reported that systematically investigate the effects of changes in core structures, linking
groups, and substituents on the electronic properties of DLCs. Important properties that
need to be adjusted for applications in devices are, for example, frontier orbital energies
that define the electron donor and acceptor properties as well as interfacial potentials.
Most DLCs are intrinsically electron rich and function as electron donors (high energy
HOMO). DLCs of increasing electron affinity (decreasing energy of LUMO) can be
obtained by the attachment of electron-withdrawing linking groups and substituents to the
core.
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Figure 1.4. The effect of structural changes on the electronic properties of DLCs.

1a.4. Electrochemical Properties and Frontier Orbital Energies of
DLCs and Related Structures
The energies of HOMO and LUMO orbitals are related to the efficiency of charge
injection into a material as well as the degree of charge transfer between donors and
acceptors.36 Electrochemical measurements provide a convenient means for determining
HOMO and LUMO levels by measuring the potentials required for oxidation and
reduction of the material, respectively.37 Oxidation and reduction are comparable to
injections of holes and electrons at electrode surfaces, respectively. The measurement of
redox potentials also provides an alternative method for the measurement of energy gaps
between frontier orbitals and can be compared to the optical HOMO-LUMO gap obtained
by UV-Vis spectroscopy. In general, it has been established that substituents on the
periphery of a discotic core strongly influence the solution redox chemistry.38 Electrondonating groups lead to a negative shift of the redox potentials and, conversely, electronwithdrawing groups lead to a positive shift of the redox potentials.
1a.4.1. Other Methods for the Measurement of Frontier Orbital Energies
Frontier orbital energies have been measured not only by electrochemistry but also by
scanning tunneling microscope (STM), ultraviolet photoelectron spectroscopy (UPS) and
inverse photoelectron spectroscopy (IPES). The energy of the HOMO of molecular thin
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films can be determined by UPS with reasonable accuracy via the determination of the
ionization potential.39 The energy of the LUMO can be determined from IPES, which
allows for a direct measurement of the electron affinity.40,41 Unfortunately, the reliable
use of UPS and IPES can be both time consuming and complex, with differences in
measurement conditions resulting in variations in measured energies for the same
material. In practice, an alternative method such as solution electrochemical
measurements (cyclic-voltammetry) is frequently employed to estimate the energies of
HOMO and LUMO. In fact, a strong correlation between Ered and IPES42 as well as
between Eox and UPS43 has been reported and confirms that the validity of solution
electrochemistry for the estimation of HOMO and LUMO energies in the solid state.44
1a.4.2. Electrochemical Properties of Phthalocyanine derivatives
The electrochemical properties of MPc complexes depend on various factors such as the
type of metal, solvent, axial ligands and substituents. The redox processes are mainly due
to the interaction between the phthalocyanine core and the central metal.45 Therefore,
redox reactions can occur either at the Pc core or the central metal or both. The
electrochemical oxidation at the Pc core in MPc(-2) occurs by successive loss of one or
two electrons from the HOMO resulting in the formation of the [MPc(-1)]+ or [MPc(0)]+2
cations, respectively. The electrochemical reduction of the Pc core occurs by the
successive gain of one to four electrons by the LUMO and LUMO+1 of the MPc
complex, resulting in the formation of MPc(-3), MPc(-4), MPc(-5) and MPc(-6) species.
The numbers in brackets indicate the oxidation state of the Pc core.
The redox properties of metallophthalocyanine derivatives have been studied previously
by many groups. It is well established that the first-row transition metal phthalocyanines
differ from those of the main-group metal Pcs (e.g. Si, Al, Ga) due to the fact that energy
levels of metal ‘d’ orbitals of the latter may be positioned between the HOMO and
LUMO of the phthalocyanine (Pc−2) core. This has been well established by several
papers published by Lever and his co-workers.46-48 According to these studies,
electrochemistry of MPcs containing a redox inactive metal center such as Ni, Cu and Zn
phthalocyanines, redox processes take place only on the phthalocyanine core. On the
other hand, according to Lever, electrochemistry of MPcs containing a redox active metal
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center such as for Mn, Fe and Co can conveniently be split into two sections; one
referring to non-donor solvents, and the other referring to donor solvents. For these
complexes, donor solvents or coordinating counter anions strongly favour M(III)Pc(-2)
over M(II)Pc(-1) by coordinating along the axis to form a six-coordinate L2M(III)Pc
species. If a donor solvent is not present, such as in DCM solution, oxidation to
M(III)Pc(-2) is inhibited and core oxidation occurs first.
MPcs and their derivatives are well known as promising electrocatalysts for a large
variety of electrochemical reactions. Zagal and his coworkers49-51 have studied different
approaches for using metalophthalocyanines as catalysts in electrochemical reactions.
There are many factors that affect the activity of these complexes but the redox potentials
of the central metal ion are particularly important and electron-donor substituents on the
Pc core often enhance electrocatalytic activity.
A number of studies on the electrochemical properties of differently substituted
phthalocyanines with different central metals have been reported by Bekaroǧlu and
coworkers.52-54 The redox properties of octakis(hexylthio)-substituted phthalocyanines
with 2H, Zn and Cu have been studied by cyclic voltammetry and the result are evaluated
together with their absorption spectra in the visible range. They observed that metallation
of the core shifts the first reduction potential of the Pc core to more negative values.
Interestingly, spectro-electrochemical measurements suggest that photoexcitation arises
from the HOMO-1 rather than the HOMO for all studied MPcs. They also studied
electrochemical properties of novel mixed substituted MPcs [M=Ni, Zn, Co] bearing four
2'-aminophenylsulfanyl or 2-aminophenoxy moieties and four chloro atoms on peripheral
positions as shown in Figure 1.5.54 They found that the reduction and oxidation of all
MPc compounds with tetra 2'-aminophenylsulfanyl were due to the interaction between
the Pc core π-electron system and the central metal atoms. The voltammograms of CoPc
show considerably different and interesting voltammetric behaviour compared to NiPc
and ZnPc. This may be explained with strong axial interactions between Co and the
amine groups.
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Figure 1.5. Tetra-2'-aminophenylsulfanyl or -tetra-2-aminophenoxy-tetra-chloro substituted
phthalocyanines [B = O or S; M = Ni, Zn, and Co].54

The electrochemical behaviour of symmetric tetra-15-crown-substituted phthalocyanine
and its copper and cobalt complexes (Figure 1.6) in solution have been studied via
voltammetric techniques over a wide range of potentials by Kharisov and his coworkers.55
It is observed that the core undergoes an irreversible oxidation process, as well as its
copper and cobalt complexes. This oxidation process can be attributed to the oxidation of
the macrocyclic phthalocyanine core in the complex.

Figure 1.6. Tetra-crown-substituted phthalocyanines.55
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The electrochemical properties of highly soluble fluoro containing phthalocyanines
(Figure 1.7) have been investigated by Kandaz and coworkers.56 Electrochemical studies
show that the complexes exhibit stable mono-anionic M{Pc-b-[(OBz-(CF3)2)4]}1-,
dianionic M{Pc-b-[(OBz-(CF3)2)4]}2- and mono-cationic M{Pc-b-[(OBz-(CF3)2)4]}1+
species during the reduction and oxidation processes. Because of the electro-inactive
metal center of the complexes, all of these processes are attributed to the successive
removal of electrons from, or addition of electrons to the orbitals of the macrocycle.
When compared with the unsubstituted analogues, the redox potentials of the complexes
shifted to more positive potentials due to the electron-withdrawing fluorine groups.

Figure 1.7. Tetra-OBz(CF3)2 substituted metalophthalocyanines.56

Kandaz and coworkers57 also studied the electrochemical properties of electronwithdrawing fluoro-functional core and its tetrakis 2,9,16,23-4-(2,3,5,6-tetrafluoro)phenoxy-phthalocyaninatometal (II) complexes, (ZnPcOBzF16, CuPcOBzF16

and

CoPcOBzF16)(Bz: benzene). Stronger electron-withdrawing fluorine atoms on the Pc core
affect the electrochemical behavior of the complexes. The voltametric measurements of
the complexes confirmed that only CoPcOBzF16 gives both core and metal-based redox
processes, while CuPcOBzF16 and ZnPcOBzF16 give core-based reduction and oxidation
processes, which was confirmed by spectroelectrochemical measurements.
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Yilmaz and his group58 investigated the electrochemical and spectroelectrochemical
properties of a new water-soluble copper phthalocyanine, 2,9,16,23-tetrakis(4-(1naphthoxy-4-sulfonic acid sodium salt)) phthalocyaninato copper NhtCuPc as shown in
Figure 1.8. The in situ spectroelectrochemical studies showed that the neutral complex
exhibited the characteristic spectral changes corresponding to mono-anionic [NhtCuPc(3)]- and di-anionic [NhtCuPc(4-)]2- species having long term stability during reduction
processes. Thus, the mono- and doubly-reduced phthalocyanine species remained stable
throughout the experiment. These results obtained from in-situ spectroelectrochemistry
are consistent with those from the CV studies.

Figure 1.8. 2,9,16,23-Tetrakis(4-(1-naphthoxy-4-sulfonic acid sodium salt)) phthalocyaninato
copper.58

Reddy and his group59 reported the redox properties of octanitro-substituted
phthalocyanines and their Cu(II), Co(II), Ni(II), Zn(II) and Fe(III)Cl complexes (Figure
1.9). The Co(II) and Zn(II) Pcs showed two reversible reduction and oxidation peaks,
which like represents a two step reduction and oxidation of the phthalocyanine core. In
general, a more polarizing central metal ion eases the reduction of the core and,
conversely, makes the oxidation more difficult.
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Figure 1.9. The proposed structure of metal 1,3,8,10,15,17,22,24-octanitrophthalocyanines.59

The electrochemical properties of phthalocyanines with octa-ester and octa-carboxylic
acid functionalities have been reported by Opris and his group.60 Introduction of the
electron-withdrawing carboxylic acid and ester groups at the periphery decreases the
charge density of the Pc core and thus shifts the reduction potentials to more positive
values as compared to the unsubstituted Pc.
Kadish

and

his

group61

investigated

the

electrochemical

reduction

of

octacyanophthalocyanine, MPc(CN)8 (where M = Zn, Cu, H2). They displayed four
reversible, single-electron transfer steps for each complex, which corresponded to the
formation of mono-, di-, tri-, and tetra-anionic compounds. EPR spectroscopy on the
reduced species confirmed that only the core was involved in the reduction processes. As
expected, the strong electron-withdrawing cyano groups decrease the electron density on
the core, which leads to an easier reduction for each reduction process with respect to the
unsubstituted phthalocyanine. However, the shift of half-wave potentials due to the
introduction of cyano groups is not identical for the three different Pcs in contrast to what
was observed for some metalloporphyrins.61
Gül and his group62-64 investigated the electrochemical and spectroelectrochemical
properties of different substituted Pc complexes in solution. They studied lead
phthalocyanines carrying chloro, alkylthio and alkylmalonyl groups. All of the complexes
give up to five core-based diffusion controlled one-electron reversible redox couples.
Assignments of the redox couples were confirmed by spectroelectrochemical
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measurements. Redox couples shift towards the positive potentials when the tetrasubstituted complex is substituted by SC6H13 and Cl moieties. Electrochemical behaviors
of novel Co(II), Cu(II), and Pd(II) Pcs with four biphenyl-malonic ester groups on the
periphery were also reported by them. Only the Co(II) phthalocyanine gave two corecentered and

two

metal-centered

redox

processes,

while Cu(II) and

Pd(II)

phthalocyanines give up to four reductions of the Pc phthalocyanine core.
The substituent effect of fluorine atoms on the redox properties of a vanadyl complex
with perfluorinate phthalocyanine, VOPcFI6 , have been studied by Handa and his
group.65 Three redox couples on the reduction side were detected, the first two of which
were assigned as being due to the reduction of the phthalocyanine core. They observed
that their potentials are 0.4 - 0.5 V higher than those of the tetra-t-butyl and octabutoxy
derivatives, VOPc(t-Bu)4 and VOPc(O-n-Bu)8. The positive shifts of the redox potentials
of VOPcF16 are probably due to the presence of electron-withdrawing fluorine atoms on
the phthalocyanine core.
It has been demonstrated by Murdey et al.66 that increasing the number of fluorine atoms
attached to the phthalocyanine core does not extremely change the shape of both the
levels of EHOMO or ELUMO. It does, however, make a significant shift of those energy
levels to lower energy. They studied the frontier electronic structures in fluorinated CuPc
thin films by using ultraviolet photoelectron spectroscopy (UPS) and inverse
photoelectron spectroscopy (IPES). The ionization energy and the electron affinity of
Cu(F8Pc) increase by 0.8 eV, while for Cu(F16Pc) the increase was 1.3 eV on average
compared to CuPc. As the HOMO and LUMO derived states experienced an equal
increase, the energy gap remained constant, at 2.0 ± 0.1 eV. Similarely, Schlettwein and
his coworkers reported that EHOMO and ELUMO shift to lower energy with increasing
degree of fluorination of partly fluorinated and perfluorinated zinc(II) Pc in the order:
PcZn > F4PcZn > F8PcZn > F16PcZn.67

1a.4.3. Electrochemical Properties of Triphenylene (TP) derivatives
Table 1.1 summarizes reported redox and EHOMO/ELUMO values of triphenylene
derivatives comparable to the TP compounds reported in this thesis. They confirm that the
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redox potentials are lowered by the attachment of electron-donating groups and increased
by the attachment of electron-withdrawing groups to the TP core.
The first oxidation (reduction) potentials for twenty-five different triphenylene based
discotic liquid crystals have been reported by Bushby and co-workers.68 The measured
redox potentials correlate reasonably well with values calculated at the PM3 level and can
be understood in terms of substituent effects. The experimental and theoretical trends
match relatively well and show the expected decreases and increases in potential with the
attachment of electron donating (alkoxy) and withdrawing (F, CN, and NO2) groups,
respectively.
Table 1.1. Redox and HOMO/LUMO values for some TP derivatives
Redox (V)
Compound

(vs
Ag/AgCl)

EHOMO or
ELUMO
(eV)

-2.42, +1.73
-2.22, +1.64
TP

-2.22, +1.79

-1.9, -6.05

+1.83

Electrochemical

Reference

Conditions

vs Ag/AgCl

69

CH3CN vs SCE

70

DMF or CH3CN vs
SCE

71
72

CH3CN vs SCE
vs Ag/AgCl

2,3,6,7,10,11- hexabutoxy-TP

+1.12

-5.4

Hexaazatriphenylene (HAT)

+1.50

-2.8

CH3CN vs SCE

74

HAT-HCtriimide

-0.4

-3.9

CH3CN vs SCE

75

diquinoxazlino[2,3-a:2',3'-c]phenazine (HATN)

-1.25, -1.53,
-1.81

-3.07

DCM vs Ag/AgCl

76

1,2-dichloroethane

73

1a.5. Experimental Methodologies
1a.5.1. Electrochemical measurements
Electrochemistry can provide important thermodynamic, kinetic, and mechanistic insights
about the involved processes. The electrochemical processes are similar to the charge
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injection and transport in an organic electronic device. Therefore, cyclic voltammetry
(CV)77,78 has been recognized as an easy and effective approach to evaluate the position
of both HOMO and LUMO energy levels and the gap between the EHOMO and the ELUMO,
often but incorrectly called the band gap. The studies reported in herein combine CV
measurements with optical measurements and DFT calculations in order to investigate
and predict the electronic properties of the various DLCs.
Approximate energies of the HOMO/LUMO levels are determined from the first Eox and
the first Ered, respectively, as illustrate in Figure 1.10. An electrochemical reference
potential to the vacuum level is required to establish this approach. The
ferrocenium/ferrocene (Fc+/Fc) couple with a potential of 4.80 eV versus Ag/Ag+ relative
to vacuum, is commonly used for this determination.
-5
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Current (A)
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E 1/2

0.0
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1500

E gap
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1000

500

0

-500

-1000

-1500

-2000

Potential (mV)

Figure 1.10. Cyclic voltammograms shows the first oxidation and the first reduction
potentials determinations.

The classical electrochemical set-up usually consists of three electrodes: working,
reference and counter. The electron transfer at the working electrode provides the most
important information about the system and the potential is controlled by comparison to
that of the reference electrode, whose own potential remains untouched. A counter
electrode is needed to complete the circuit and allow the current to flow from the working
to the counter electrode. The measured current, i, is correlated to the rate of an electrode
reaction. It is important to note that all of the electrode reactions can only take place at the
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electrode-solution interface. According to the Nernst equation, if the electron-transfer
kinetic of the reaction is fast enough to maintain the concentration of both O and R at the
electrode surface, then the reaction is electrochemically reversible as shown in the
following reaction:
O+ne

R

E0

On the other hand, in irreversible system, the reduction of a species O at the electrode
generates an intermediate R which is very reactive and affords a new species P. The
chemical reaction is very fast and prevents the reverse of the electrochemical reaction as
shown in the following:

O + ne

khet

R

E

R

kf

P

C

This mechanism is called an EC mechanism. Between these two extremes of reversible
and irreversible reactions lies a wide range of processes that are referred to as quasireversible processes.
1a.5.2. DFT calculations
Density Functional Theory (DFT) has become an attractive theoretical method because of
its relatively low computation cost and accuracy for even complex molecules. In this
thesis, the frontier orbitals were calculated following a full geometrical optimization for
each molecule in vacuum with DFT using the hybrid density functional B3LYP (Becke–
Lee–Young–Parr composite of the exchange-correlation functional)79 that adds the
exchange and electronic correlation in DFT terms including the Lee, Yang and Parr
(LYP) functional. A variety of basis sets were examined to find the best correlation
between experimental and the theoretical calculations. The LANL2DZ (Los Alamos
National Laboratory 2 double zeta) basis set was applied for calculations on transition
metal containing compounds. This basis set has been widely used to study metal
complexes; especially for complexes with transition metals and metals with large atomic
numbers.80
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1a.5.3. UV-Vis Optical HOMO-LUMO Gap
UV-Vis optical absorption spectroscopy is a well-known technique to evaluate the optical
band gap of the materials. The onset of the longest wavelength absorption (Figure 1.11)
can be used to determine the optical HOMO-LUMO gaps according to the equation Eg =
1242/λonset. A good correlation between the band gap determined from the CV data with
those obtained from the optical absorption spectroscopy is often observed.81,82 In most
cases the differences between the redox and optical gaps show linear correlations and do
not exceed ±0.15 eV.83

Absorbance (a.u.)

0.10

0.08

0.06

0.04

0.02
1.66

1.68

1.70

1.72

1.74

1.76

Energy (eV)

Figure 1.11. The onset of the longest wavelength absorption of UV-Vis.
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Part II: Langmuir and Langmuir-Blodgett Monolayer of
Tetraazaporphyrins
Tetraazamacrocycles such as tetraazaporphyrins (TAPs) and phtalocyanines (PCs) are
large macrocyclic conjugated organic compounds with delocalized π-electron system.
Like porphyrins, they strongly absorb in the visible range of the electromagnetic spectrum
and form industrially and academically important classes of dyes not only because of
their electronic properties but also their excellent thermal and chemical stability.84,85
Chemical and physical properties of TAPs and PCs can be tailored to the requirements for
particular applications by chemical design, especially through the attachment of different
substituents. Besides their traditional applications as colourants they have been tested
more recently for many other potential applications in organic electronics (organic light
emitting diodes, organic field effect transistors, and organic photovoltaic cells (OPV)), as
laser dyes, and as gas sensors.84-87 Almost all of these applications require the deposition
of a thin film of the dye which is accomplished by vapour deposition for insoluble TAPs
and PCs that can be sublimed and by solution based techniques, such as casting, printing,
spin-coating, and Langmuir-Blodgett film, for substituted soluble derivatives.88,89
Deposition of TAPs and PCs by the Langmuir (L-) and Langmuir-Blodgett (LB-) film
technique has received particular attention over the past 30 years, because it generates
well-ordered and uniform structures by controlling molecular orientation and packing in
each molecular layer to generate nano-structured films.
In order to fabricate LB-films, it is necessary to first produce a stable compressible
monolayer at the air-water interface, the L-film, which becomes a LB-film after
successful transfer onto solid substrates. Langmuir films are typically formed by
amphiphilic molecules that possess both hydrophilic and hydrophobic properties, such as
fatty acids. Unsubstituted TAPs and PCs are rather insoluble and strongly aggregate in
most solvents and their lack of amphiphilic character does not support the formation of
stable and compressible L-films, which is why they are considered as unsuitable
molecules for the LB technique.90-92 Highly ordered LB-films are obtained either with
amphiphilic TAPs and PCs, they contain both hydrophobic and hydrophilic groups, or
19

with mixtures of TAPs and PCs and amphiphilic molecules.93,95 Amphiphilic behavior
and self-assembling properties may also be combined with self-organizing properties
(mesomorphism) to generate layered films with in-plane alignment of columnar stacks.9699

TAPs and PCs are converted into amphiphilic and soluble molecules suitable for the LBtechnique by the attachment of side-chains and other substituents to the periphery of the
macrocycle. In few instances central metals, such as Ti and Al, have been used for the
axial attachment of groups to the centre of the macrocycle. Overall, the properties of the
derived L- and LB-films and the orientation of the macrocycle at the air-water interface
and in the transferred LB-film mainly depends on the type, number, and location of the
attached side-chains and other substituents.100-102
Two extreme orientations of the macrocycles are flat-on and edge-on with regard to the
interface but tilted orientations in between the two extremes have also been observed and,
in fact, may be most common as illustrated in Figure 1.12. The type of orientation has
major implications regarding the self-organization of the macrocycles in the film, the film
stability, and the optical and electronic properties of the film. Commonly found are edgeon and titled orientations while the face-on orientation is rather illusive and the subject of
interest of Chapters 5.

Figure 1.12. A) Edge-on orientation; B) Face-on orientation with regard to the substrate.
Modified version of Figure 8 from the article: Bilal R. Kaafarani, Chem. Mater., 2011, 23 (3),
378–396. Reprinted by permission of the publisher (ACS Publication, http://www.
http://pubs.acs.org/).
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1b.1.Characterization of Organic Monolayers of TAPs
1b.1.1. Surface Area vs. Surface Pressure Isotherms
The analysis of area pressure isotherms is one of the most common methods for deducing
molecular orientations that provide a value for the area per molecule in the monolayer.103
The molecular area of the unsubstituted TAP ring when lying flat, including the sulphur is
about 95 Å2, and evidently increases dramatically with an octa-substitution pattern. The
thickness of the disc itself is about 10 Å, and with substituents the thickness increases by
an additional ~1.0 - 3.0 Å. A surface pressure / area isotherm for an unsubstituted TAP
showing a surface pressure increase at 95 Å2 or above suggests that the L film is
composed of TAPs with a face-on orientation with regard to the interface, while a smaller
area suggests an edge-on orientation.
1b.1.2. Ellipsometry
Ellipsometry is a nondestructive and highly sensitive optical measurement technique
which employs polarized light to characterize thin films.104 It is very sensitive to several
material characteristics, such as layer thickness, certain optical constants (especially the
refractive index and extinction coefficient), the surface roughness of the material, the
composition of the material and optical anisotropy. In particular it can be used to measure
the thickness and/or refractive index of thin L and LB films. Ellipsometry works by using
a known polarization state of incoming light. This incident light interacts with the sample
and reflects from it. The interaction of the light with the sample causes a polarization
change in the light, from linear to elliptical polarization. Measurements of the change in
polarization of the reflected light through a series of algorithms and optical model can be
related to the film thickness and refractive index. Ellipsometry measurements used in this
study to characterize the thickness of the monolayers of TAPs as L- monolayer at the
air/water interface and as LB- monolayer after transferring to the solid substrate.
1b.1.3. Brewster Angle Microscopy
Brewster Angle Microscopy (BAM) is a powerful tool for observing the homogeneity of
compressed monolayer films, domain sizes, shapes and packing behaviors and has been
widely used in thin film research for almost two decades.104 BAM works on the principle
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that when p-polarized light impinges at the air-water interface at the Brewster angle (53o)
(Figure 1.13), light is completely transmitted (or absorbed) and no reflection is observed
from the interface between two media with different refractive indices. A monolayer
thickness is approximately 0.5% of the wavelength of visible light, so this monolayer
under standard conditions is invisible. However, if the water surface is elucidated with ppolarized light at the Brewster angle, there is no reflection from the water surface, but
there is a reflection from the monolayer because of its different refractive index. This sets
up a high contrast picture in which the water background (subphase) becomes completely
dark while the monolayer is bright. BAM images of monolayers at various stages of
compression elucidate the lateral and vertical homogeneity of the monolayer. BAM
measurements applied in this study to monitor the formation of L- monolayers of TAPs at
the various surface area and surface pressure.

Source

Camera

Polarizer

o

Air

53

Monolayer

Figure 1.13. Brewster Angle Microscopy where θ= 53°, the Brewster Angle of water
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1b.1.4. Atomic Force Microscopy
Atomic force microscopy (AFM) is a technique can be used to obtain images and other
information from a wide variety of surfaces at extremely high (nanometer) resolution.
The AFM is one of the significant tools for imaging, measuring, and has become a
standard technique, both to visualize surface topography and measuring the surface
thickness .105,106
The basic principle of AFM is that a probe is maintained in close contact with the sample
surface by a feedback mechanism as it scans over the surface, and the movement of the
probe to stay at the same probe-sample distance is taken to be the sample topography
(Figure 1.14). A variety of probes have been used but the most commonly used are
microfabricated silicon (Si) or silicon nitride (Si3N4) cantilevers with integrated tips. The
tips can be very sharp. The dimension of the tip usually about 125 - 225 µm length and 40
µm width and 4 - 8 µm thick.
There are mainly two different modes of AFM which are the contact mode and the noncontact mode. In the contact mode, the cantilever is held less than a few angstroms from
the sample surface, and the interatomic force between the cantilever and sample is
repulsive. On the other hand, in non-contact mode, the cantilever is held on the order of
tens to hundreds of angstroms from the sample surface, and the interatomic force between
the cantilever and sample is attractive (largely a result of the long range Van der Waals
interactions). In this research, the tapping mode is used to visualize surface topography
and measuring the surface thickness of transferred LB- monolayers of TAPs.
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Figure 1.14. Cantilever of the AFM on a surface. This image is taken from the internet
(http://www.vub.ac.be/META/toestellen_AFMSTM.php?m=xpand&d=menu7).

1.b.1.5. Ultraviolet and visible absorption Spectroscopy
Ultraviolet and visible (UV-Vis) absorption spectroscopy refers to absorption
spectroscopy or reflectance spectroscopy in the ultraviolet-visible spectral region.105 This
means it uses light in the visible and adjacent (near-UV and near-infrared (NIR)) ranges.
UV-Vis light is energetic enough to promote outer electrons to higher energy level. UVVis spectroscopy is usually applied to molecules and inorganic ions or complexes in
solution. The UV-Vis spectra have broad features that impose limitation for sample
identification, but are very useful in quantitative measurements.
TAPs are most well known for their intense electronic absorption throughout the UV
and NIR spectral region.107 The first transition is known as the Q band (λ > 600 nm)
which has the high-energy and assigned to the first π–π* transition on the macrocycle and
it falls in the visible region. While, the other transition are known as an intense Soret
band (λ ≈ 300 - 400 nm), which has the low-energy that explained as a second π–
π* transition. The UV-Vis spectrum observed for TAPs originates from molecular orbitals
within the aromatic π-electron system and/or from overlapping orbitals on the central
metal atom. It can also be noticed that this Q band shows the characteristic splitting
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(Davydov splitting) present in all metal-free TAPs derivatives in comparison to
metallated TAPs. Therefore, metal free and metallated TAPs can be easily distinguished
by their characteristic UV-Vis spectra. UV-Vis spectra can be also used for probing
different types of aggregation of TAPs by qualitatively analyzing the position and shape
of their Q-bands. The Q-bands have been shown to shift upon aggregation due to
interactions between transition dipole moments of neighboring TAP rings. A larger shift
implies a closer interaction between TAP rings while the direction of the shift, blue or
red, is governed by the relative orientation of the macrocycles to each other.
1b.1.6. Reflection-Absorption Infrared Spectroscopy
Reflection absorption infrared spectroscopy (RAIRS) is a non-destructive infrared
technique with special versatility as it does not require the vacuum conditions essential
for electron spectroscopic methods and is, therefore, in principle, applicable to the study
of growth processes. By use of a polarization modulation technique surfaces in a gas
phase can be investigated.105 Higher surface sensitivity is achieved by modulation of the
polarization between s and p. This method can also be used to discriminate between
anisotropic near-surface absorption and isotropic absorption in the gas phase. In general,
RAIRs is a vibrational spectroscopic method frequently used in research in chemistry,
which is well established for the identification and characterization of the chemical state
and structure of molecules and thin films adsorbed on metallic and non-metallic surfaces.
Vibrational spectra are used as characteristic fingerprints for adsorbate molecules,
adsorption configurations, and structures. In this research, IR and RAIRs applied for
probing the molecule orientation and to characterize some functional groups vibration in
TAPs as LB monolayers.

1b.2. TAPs and PCs with proposed face-on orientation in L- and LBfilms
It has been reported that the LB films of discotic compounds such as tetraazaporphyrins
(TAPs) and phthalocyanines (Pcs) usually exhibit a tilted to a vertical or edge-on
orientation and it is difficult to achieve a face-on orientation.85,91-93,95,106,108 The
orientation of the molecules within the film is often deduced from the measurement of
area / pressure isotherms, ellipsometry, and linear dichroism. Edge-on orientation can be
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achieved in general by employing various strategies. For example, edge-on orientation
can be achieved by completely substituting the TAP or Pc with hydrophobic groups.
Another way to affect edge-on orientation is to use un-symmetrically substituted
compounds, which bear only one sided strong polar groups. On the other hand, face-on
orientation is more difficult to achieve, and even if it is initially introduced upon
spreading of the L-film, it is almost always lost during compression. It’s well known that
stable face-on orientation is a result of a fine balance between the interactions of
hydrophilic and hydrophobic parts of the molecules at the water interface. A strategy that
has been used to force face-on orientation is to build L- and LB films based on Pcs and
TAPs bearing strong polar groups or ionizable functional groups such as carboxylic acids
on their periphery. In most cases, a good interaction between the head groups and the
water subphase is obtained when charges are present on the macrocycles. A face-on
orientation has been proposed for few different sets of compounds based on the sizes of
their surface area per molecule.108-123
The first example was given by Armstrong’s group113, of a L monolayer based on Pc
rings

containing

amide

linking

groups.

They

studied

amphiphilic

Pcs

[2,3,9,10,16,17,23,24-octakis(dodecylcarboxylato)phthalocyaninato]copper,
[2,3,9,10,16,17,23,24-octakis(N-dodecyl amide)phthalocyaninato]copper, and the same
molecule

as

in

the

above

study

([2,3,9,10,16,17,23,24-octakis(2-(benzyloxy)-

ethoxy)phthalocyaninato] copper), along with the corresponding zinc phthalocyanine
analog (Figure 1.15).

Figure 1.15. Armstrong’s amphilphilc Pcs studied for their aggregation properties.113
Reprinted by permission of the publisher from ref 113. Copyright 1996 Langmuir (American
Chemical Society).
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These molecules arrange face-on at the water surface at low surface pressures but
rearrange into an edge-on orientation at pressures above 20 mN/m. They found that
orientation of these molecules can be controlled though the attachment of hydrophobic
side chains with ester, amide or ether linkages, with the degree of orientation being
reflected in the area per molecule seen in the respective isotherms (Figure 1.16).

Figure 1.16. Isotherms of the amphiphilic Pcs studied by Armstrong’s group. 113 Reprinted by
permission of the publisher from ref 113.Copyright 1996 Langmuir (American Chemical Society).

The isotherm shows that the benzyl groups have an important influence on orientation as
(a) and (b) require much smaller areas at spreading than their analogues (c) and (d). They
found that (c) is initially face on and then goes through an unknown transition at around
320 Å2, finally ending up in an edge on orientation at around 170 Å2.
Another approach to face-on orientation was with a tetrapyridinium porphyrazine bearing
four octadecyl chains on its periphery (four ionic groups) (Figure 1.17) on a water
subphase. proposed by Palacin group.108,115 It was confirmed by area per molecule and
UV-vis spectra that the porphyrazine rings lie almost parallel to the water surface but only
as dimers. The corresponding monolayer exists only at very low surface pressure in a
high ionic strength bath and unfortunately is poorly transferred onto solid substrates.
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Figure 1.17. Surface pressure vs. molecular area isotherms recorded with tetrapyridinium
porphyrazine at room temperature. Solid line: first compression, 30 min after spreading. Dotted
line: decompression isotherm. Insert UV-vis spectra: the solid line spectrum is characteristic of
the monomeric state. The dotted line spectrum is characteristic of a dimmer.108,115 Reprinted by
permission of the publisher from ref 115. Copyright 2000 S. Palacin Advances in Colloid and
Interface Science (Elsevier Science).

An example in literature of a face-on orientation that remains face on throughout
compression is ethyleneglycol substituted TAPs and their Co (II), Ni (II), Cu (II) and Zn
(II) metal complexes which have been described by our group.116 These compounds were
found to lie flat on the water surface while the glycol ether groups are dissolved in the
subphase. Face-on orientation was suggested for these compounds based on their area per
molecule which was found to be between 150 Å2 and 165 Å2; which is approximately the
size of the discs themselves (Figure 1.18). From this area, the authors suggested that the
molecules are not in an edge on orientation (edge on would only cover 85 Å2), but instead
that they may be in a face-on to tilted orientation. This would also help to explain why the
Cu derivatives which are LC gave better quality L-films than the metal free derivatives
(which are not LC). Although the molecules may be titled or face-on as L-films on the
water subphase, transfer onto silicon wafers, however, produces LB-monolayers of edgeon orientation as verified by X-ray studies.
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Figure 1.18. The surface area vs. surface pressure isotherm of different octa-substituted TAPs
and the dimensions of face on or edge on orientation suggest that the molecules are face on.116
Reprinted by permission of the publisher from ref 116. Copyright 2001 RSC publishing.

Another approach in the literatures to form a face-on orientation is to use hydrophilic
central metal of a macrocycle such as Al(OH) or TiO. Aroca and his group have been
studied L and LB films of neat titanyl (IV) phthalocyanine (TiOPc) and mixed (TiOPc)arachidic acid (AA) films.118 They found that the TiOPc molecules are tilted edge-on
orientation with respect to the substrate in the neat film, changing to a preferential face-on
orientation in the TiOPc-AA mixed films (Figure 1.19). A face-on molecular orientation
is only found in highly ordered multilayers with the introduction of AA up to a 1 : 4 ratio
(Pc-AA).

Figure 1.19. Surface pressure-area isotherms in mN/m of neat TiOPc (solid line), 1:1 mixed
TiOPc-AA (dotted line), and 1:4 mixed TiOPc-AA (dashed line). Langmuir films on water
subphase.118 Reprinted by permission of the publisher from ref 118. Copyright 2003 Langmuir
(American Chemical Society)
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A face-on orientation of L- and LB films has not been achieved and approved for any
kind of discotic compounds. In this project, two different approaches for achieving the
elusive face-on orientation of TAPs in self-assembled monolayers, which is required for
good electronic interactions between an electrode surface and the macrocycle. In the first
approach, eight polar and potentially ionic groups (OH and COOH) are attached to the
TAP core via alkyl spacers of different lengths. Compounds with longer spacer chains
produce monolayers of face-on orientation at higher surface pressures but the molecular
conformation is spider-like with the macrocycle being pushed away from the interface.

1b.3. Cross-linking and polymeric LB-films of TAP and PC
Recently, the copper catalyzed azide-alkyne cycloaddition (CuAAC), a model of “click”
chemistry has emerged as one of the most promising tools to build up novel polymers
with unique architectures and networks. CuAAC is an ideal reaction for various material
modifications due to its extremely high yields with few possible side-reactions, clean with
simple workup and purification procedures, tolerant to most functional groups, and form
stable 1,2,3-triazole rings as linker.124-126 CuAAC has found numerous applications in the
synthesis and processing of self-organizing, self-assembling materials127 as well as the
field of surface chemistry.128 However, there are few examples where the click reaction
has been employed to the modification of self-assembled monolayers129 and LangmuirBlodgett films.130 To the best of our knowledge, there is no study of CuAAC in Langmuir
film to prepare structural alignment of TAPs and Pcs polymers at air-water interfaces. We
therefore came up with the idea to control the alignment of discotic TAPs based on crosslinking and polymeric LB-films of TAPs and Pcs using CuAAC technique.
Novakova et al. synthesized symmetry and unsymmetry zinc phthalocyanines from two
different precursors 4,5-bis(tert-butylsulfanyl)phthalonitrile and N-(3-azidopropyl)-2,3dicyanoquinoxaline-6-carboxamide via CuAAC reaction. All prepared Pcs have
alternative absorption and fluorescence properties make them suitable building blocks for
a simple modification with better tuned properties for photodynamic therapy.131 de
Miguel et al. prepared a novel class of triazole-based electron donor-acceptor conjugates
based on Pcs via click chemistry.132 They connected zinc(II)porphyrins and fullerenes
through a central triazole moiety (ZnP-Tri-C60) each with a single change in their
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connection through the linker. It's clearly found by photophysical properties that 1,2,3triazoles exemplify excellent bridges for rapid and efficient photoinduced electron
transfer between remote electron donor and acceptor conjugates. Dinolfo and co-workers
reported the structure, optical properties and surface morphology of Si(100) supported
molecular multilayers resulting from a layer-by-layer (LbL) fabrication method based on
Porphyrin utilizing CuAAC.128 This method provides a straightforward and flexible
method for the construction of molecular multilayer thin films. Yilmaz et al. synthesized
in situ metallation and ‘clicking’ for the first time a kind tetratriazole-functionalized
phthalocyanines quantitatively and efficiently using CuAAC reaction.132 Ikawa and his
co-workers have prepared for a first time a water-soluble N-fused porphyrin-nonaarginine peptide conjugate (NFP-R9) via CuAAC method which has an enhanced ability
to penetrate cells.133 Rowan and his co-workers have developed approach to synthesize
octatriazole-functionalized Pcs in excellent yields using CuAAC technique, which are
demonstrated to generate well-defined supramolecular structures when doped with
zinc(II) triflate.134 Liu and his group prepared via “click chemistry" two distinctly
different

nanoarchitectures

with

alternating

porphyrin

(tetrakis(permethyl-β-

cyclodextrin)-modified zinc(II) porphyrin from substitute porphyrin and cyclodextrin
arrays, which were proven to be network and nanorod aggregates, respectively.
Yoshiyama and co-workers successfully used a double CuAAC methodology to prepare
covalently connected binuclear phthalocyanines with both sterically demanding tert-Bu
substituents or trifluoroethoxy groups with click spacers and investigated their clamshell
properties.135-136 This prepared Pc is a novel trifluoroethoxy coated binuclear Pc which is
the first example of a never closing clamshell Pc. McGrath and co-workers functionally
modified octaalkynyl Pc using click chemistry to prepare several Pc derivatives with
different peripheral units on the macrocycle. These Pcs have been successfully used to
fabricate solvent resistant Pc nanostructures via recently developed nano-imprint by melt
processing (NIMP) technique.137 Chen et al. have demonstrated the functionalization of
carbon nanotubes with a 4-ethynylbenzene derivative and the subsequent attachment of
Pcs to functionalized Single-Wall Carbon Nanotubes (SWNTs) via CuAAC, which were
applied as photoactive substances on ITO to generate photo-anodes.138
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Our approach in this part is based on Controlled the alignment of disc-shaped TAPs on
cross-linking polymerization based on the multi-click reactions at air/water interface
using CuAAC. TAPs containing eight alkyl chains terminated with azide or alkyne end
groups are cross-linked at the air/water interface between azide and alkyne in the presence
of Cu (1) as a catalyst at air/water interface. The film morphologies and progress of crosslinking polymerization of TAPs are characterized.
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Synthesis, mesomorphism and electronic properties of
nonaflate and cyano-substituted pentyloxy and 3methylbutyloxy triphenylenes
2.1. Abstract
Despite recent advances in the application of discotic liquid crystals (DLC) in organic
electronic devices a better understanding of structure–property relationships is required
for designing commercially viable discotic semiconductors. This is a complex task
because a single structural change to the DLC may affect many relevant properties of the
discotic material such as chemical stability, mesomorphism, alignment, and electronic
properties. Presented here is a comprehensive study of hexa-substituted triphenylene
derivatives containing pentyloxy and 3-methylbutyloxy groups as well as one or three
nonaflate or cyano groups. The compounds are synthesized by both established and new
synthetic approaches and are isolated as pure isomers. Their structure–mesomorphism
relationship is studied by optical polarized microscopy, thermal analysis, and variable
temperature X-ray diffraction and their relationships between structure and frontier orbital
energies are investigated by cyclic voltammetry in solution, UV-Vis spectroscopy and
computational studies at the DFT level. Both mesomorphism and frontier orbital energies
of the compounds depend on the number and positions of nonaflate and cyano groups
while only their mesomorphism is affected by a change from linear pentyloxy to branched
3-methylbutyloxy chains. To our surprise lowering the symmetry of the compounds is
equally effective in lowering HOMO–LUMO gaps than the attachment of strongly pelectron withdrawing cyano groups. Consequently, the nonsymmetrically substituted
triphenylenes with three cyano groups are the most electrons deficient and have the
smallest HOMO–LUMO gap of the compounds prepared here but their ELUMO of about 2.8 eV is still high in comparison to typical electron acceptors (ELUMO below -3.5 eV).
The computational approach established for the prepared compounds is also employed for
the prediction of frontier orbital energies of new electron deficient discotic triphenylene
derivatives.
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2.2. Introduction
Discotic liquid crystals (DLCs) are an emerging class of organic semiconductors.1–4
Charge carrier mobility values up to 1 V cm-1 s-1 have been reached in columnar
mesophases along the self-organized columnar stacks due to close interactions of their pelectron systems.5–7 These electronic properties together with their solubility and film
forming properties qualify them for low cost solution processing of organic electronic
devices.8–16 Formation and alignment of monodomains over 100 mm length scales have
been demonstrated for several DLCs albeit the alignment of the columnar stacks
perpendicular to a substrate (homeotropic) is more difficult to achieve than parallel to a
substrate (homogeneous).1,2,17
Equally important to self-organization and alignment are the electronic properties of the
DLC molecules, such as their red/ox potentials and frontier orbital energies, as they
define charge transport across interfaces to electrodes and other materials in electronic
devices. Most reported DLCs are electron rich and usually function as p-type
semiconductors while the list of electron deficient, potentially n-type discotic
semiconductors is short.18–26 However, a low ionization potential or a high electron
affinity does not ensure high mobility of holes or electrons, respectively, along the
columnar stacks. Charge transport is rather dominated by the columnar stacking order and
the time averaged interactions between frontier orbitals of adjacent molecules in the
columnar stack.5,6
Triphenylene derivatives are among the best studied and the most frequently used DLCs
because some are commercially available and their columnar stacks are easily aligned in
thin films both parallel (homogeneously) and perpendicular (homeotropically) to a
substrate. Their syntheses and mesomorphic properties have recently been reviewed.27–31
Oxidative coupling of ortho-dialkoxy benzene derivatives is the predominant route of
preparation but other synthetic pathways to triphenylene derivatives have recently been
explored15,32–35 as well as the syntheses of heterocyclic analogues.36–38 Common
motivation for the development of new synthetic approaches is the quest for more
complex substitution patterns and increased electron affinity since the hexaalkoxy-
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substituted triphenylenes initially obtained by oxidative coupling are inherently electron
rich and prone to oxidation.
In general, electron deficient triphenylene derivatives may be prepared by either the
attachment of electron withdrawing groups15,39–41 or the introduction of heteroatoms into
the core18,22,36 or both.25,42 Reported here are the syntheses, mesomorphism and HOMO–
LUMO energies of hexa-pentyloxy and hexa-3-methylbutyloxy triphenylenes and their
derivatives in which one or three alkoxy groups are replaced by electron withdrawing
nonaflate or cyano groups.

2.3. Experimental
2.3.1. Synthesis
Materials and methods
All chemicals and solvents were used without further purification unless stated otherwise.
1-Propanol and methanol were dried over 4 Å and 3 Å molecular sieves, respectively.
Tetrahydrofuran, nitromethane and diethyl ether were obtained from a solvent
purification system (Innovative Technology Inc. MA, USA, Pure-Solv 400). Column and
thin layer chromatography were performed on silica gel 60 (35–70 mesh ASTM) and
Silica Gel 60 aluminium backed sheets, respectively.
UV-Vis spectra of solutions in THF and CH2Cl2 (spectroscopic grade) were recorded on a
Varian Cary 50 Conc. spectrophotometer. 1H NMR and 13C NMR spectra were run on
Bruker NMR spectrometers (DRX 500 MHz, DPX 300 MHz and DPX 300 MHz with
auto-tune); peak values are given in ppm. Deuterated chloroform (CDCl3) was used as
solvent and the residual proton signal functioned as a reference signal. Multiplicities of
the peaks are given as s = singlet, d = doublet, t = triplet, m = multiplet. Coupling
constants for 1st-order spin systems are given in Hz. Data are presented in the following
order (multiplicity, integration, coupling constant). Fourier transform infrared spectra
(FT-IR) were obtained on a Bruker Vector 22. Relative peak intensities in IR are
abbreviated as vs = very strong, s = strong, m = medium, w = weak, br = broad.
Liquid samples were made as films on potassium bromide plates and solid samples were
run as potassium bromide pellets. Mass spectrometry measurements were performed by
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Dr M. Kirk Green at the Regional Center for Mass Spectrometry (McMaster University).
High resolution CI MS (HRCI MS) was performed on a Micromass GCT (TOF)
(Manchester, UK), and MALDI MS data were obtained on a Waters/Micromass Micro
MX (Manchester, UK).
Compounds 2a, 5a, 7a, 8a, and 9a have been reported previously and their experimental
details together with those of the starting materials are provided in the ESI.
2,3,6,7,10,11-Hexakis-(3-methylbutyloxy)triphenylene (2b), 2,6, 10-trimethyloxy-3,7,11tris-(3-methylbutyloxy)triphenylene

(7b,s),

2,6,11-trimethyloxy-3,7,10-tris-(3

methylbutyloxy)triphenylene (7b,ns). Iron (III) chloride (90 mmol) was slowly added
(over 5 min) via a solid addition funnel to a stirred solution of 1a, 1b, 6a, or 6b (25
mmol) in nitromethane or CH2Cl2–MeNO2 1 : 1 (100 mL) at 0 oC under argon. The
reaction mixture was stirred for another 5 min after completion of the addition and then
quenched by the addition of dry methanol (25 mL) via a syringe. Subsequent addition of
methanol and water precipitated the crude products as pale purple solids after filtration.
The crude products were further purified by column chromatography on basic aluminium
oxide with CH2Cl2–hexane 1 : 1 as mobile phase. A small amount (100 mg) of the offwhite product mixtures of 7a,s/7a,ns and 7b,s/7b,ns were separated by preparative TLC
on silica with diethyl ether–hexane 1 : 1 as mobile phase for analysis.
Compound 2b (3.0 g, 4.0 mmol); yield: 49%; TLC Rf: 0.36 (toluene–hexane 1 : 1);
(Found: C, 77.40; H, 9.91. C48H72O6 requires: C, 77.38; H, 9.74%); δH (300 MHz,
CDCl3) 7.87 (6H, s), 4.29 (12H, t, OCH2, J 6.7 Hz), 1.94–2.03 (6H, m, CH(CH3)2), 1.83–
1.89 (12H, m, CH2), 1.06 (36H, d, CH3, J 6.5 Hz); δC (75 MHz, CDCl3) 149.2, 123.8,
107.5, 68.3, 38.3, 25.5, 22.9; HRCI MS: calc. m/z 744.5329 (C48H72O6), found m/z
744.5339 (M+).
Compound 7b,s (0.57 g, 0.99 mmol); yield: 12%; (Found: C, 74.83; H, 8.14. C36H48O6
requires: C, 74.97; H, 8.39%); TLC Rf: 0.51 (diethyl ether–hexane 1 : 1); δH (300 MHz,
CDCl3) 7.88 (3H, s, arom. H), 7.84 (3H, s, arom. H), 4.32 (6H, t, OCH2, J 6.7 Hz), 4.12
(9H, s, OCH3), 1.95–1.86 (9H, m, CH(CH3)2 and CH2), 1.06 (18H, d, CH3, J 6.3 Hz); δC
(75 MHz, CDCl3) 149.9, 149.1, 124.0, 123.9, 106.9, 105.7, 68.4, 56.9, 38.6, 25.8, 23.4.
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Compound 7b,ns (1.7 g, 3.0 mmol); yield: 36%; (Found: C, 74.91; H, 8.26. C36H48O6
requires: C, 74.97; H, 8.39%); TLC Rf: 0.31 (diethyl ether–hexane 1 : 1); δH (300 MHz,
CDCl3) 7.88–7.84 (6H, m, arom. H), 4.32 (6H, t, OCH2, J 6.7 Hz), 4.12 (9H, s, OCH3),
1.95–1.86 (9H, m, CH(CH3)2 and CH2), 1.06 (18H, d, CH3, J 6.3 Hz); δC (75 MHz,
CDCl3) 150.2, 149.2, 124.2, 107.1, 105.9, 68.6, 57.1, 38.8, 26.1, 23.6.
2-Nonaflyl-3,6,7,10,11-pentapentyloxy triphenylene (4a). Nonafluorobutanesulfonyl
fluoride (0.313 g, 1.036 mmol) was added drop wise to a solution of 2-hydroxy3,6,7,10,11-pentapentyloxy triphenylene (0.200 g, 0.296 mmol) and triethylamine (0.105
g, 1.036 mmol) in DMF (10 mL) at 0 oC. The mixture was stirred at room temperature
under argon for 2 days until no monohydroxy triphenylene was detected by TLC. CH2Cl2
(20 mL) was added to the solution and the organic layer was extracted with water to
remove DMF and ammonium salts. The organic phase was dried over MgSO4, filtered,
evaporated, and the residue was dissolved in hexane and run through a short column of
silica gel (CH2Cl2–hexane 1 : 2). The off-white solid was recrystallized from methanol to
give the product as white crystals (207 mg, 0.217 mmol, 73%). Found: C, 58.92; H, 6.48.
C47H61F9O8S requires C, 58.98; H, 6.42%); TLC Rf: 0.60 (diethyl ether–hexane 1:6); IR
(KBr) 1352 cm-1 (S=O); δH (300 MHz, CDCl3) 8.20 (1H, s), 7.89 (1H, s), 7.83 (1H, s),
7.71 (2H, s), 7.59 (1H, s), 4.11–4.30 (10H, m), 1.94 (10H, m), 1.43–1.56 (20H, m), 0.97
(15H, t); δC (75 MHz, CDCl3) 150.2, 149.8, 124.2, 123.6, 109.4, 108.7, 108.2, 107.9,
106.6, 70.2, 68.9, 29.7, 28.8, 28.0, 23.2, 22.2, 15.2, 14.3 (CF2,3 groups are not resolved
because of low intensity due to coupling); δF (282 MHz, CDCl3) -80.9 (3F, t, 9.6 Hz,
CF3), -110.0 (2F, t, 13.8 Hz, SCF2), -121.1 (2F, m, CF2), -126.2 (2F, m, CF2); HRCI MS:
calc. m/z 956.3943 (C47H61F9O8S), found m/z 956.3401 (M+).
2,6,10-Trihydroxy-3,7,11-tris-(3-methylbutyloxy)triphenylene (9b,s), 2,6,11-trihydroxy3,7,10-tris-(3-methylbutoxy)triphenylene (9b,ns).
Method 2: a solution of butyl lithium in hexane (1.58 M, 1.59 mL, 12 mmol) was added
to a solution of diphenylphosphine (2.3 g, 13 mmol) in THF (30 mL) under argon to give
a bright orange solution. A solution of the mixture 7b,s/ns (ratio 1 : 3) (1.00 g, 1.73
mmol) in THF (10 mL) was added under argon via a transfer needle and the combined
solutions were stirred at 30 oC for 3–4 days. The progress of the reaction was monitored
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by TLC (diethyl ether–hexane 1 : 2) to ensure full conversion of the starting materials.
Aqueous HCl (0.1 M, 40 mL) was added to quench the reaction and the product mixture
was extracted with diethyl ether. The combined organic phase was extracted with water,
dried over MgSO4, and evaporated. Purification and separation were achieved by column
chromatography on silica by first eluting methyl-diphenylphosphine with toluene–hexane
1: 2 and then 9b,s followed by 9b,ns with diethyl ether–hexane 1 : 1 to yield 9b,s (112
mg, 0.20 mmol, 46% based on 7b,s) and 9b,ns (462 mg, 0.86 mmol, 66% based on 7b,ns)
(61% overall) as white solids.
Method 3: a solution of bromo catechol borane (1.15 g, 5.79 mmol for 2a or 2.11 g, 10.63
mmol for 2b) in CH2Cl2 (10 mL) was added to a solution of 2a or 2b (1.20 g, 1.61 mmol)
in CH2Cl2 (20 mL) at 0 oC under argon. The reaction mixture was stirred at room
temperature and progress monitored via TLC over 13 days before reaching completion.
The crude reaction mixture was then filtered and subsequently washed with 0.1 M HClaq.
The organic layer was extracted (3 x 30 mL CH2Cl2), dried over MgSO4, filtered and
concentrated to afford the crude product as a mixture of isomers which were readily
separated in high purity via column chromatography (silica, diethyl ether– hexane 1 : 2 to
1 : 1 gradient) to yield 9b,s (155 mg, 0.29 mmol, 18%) and 9b,ns (155 mg, 0.29 mmol,
18%) as white solids.
Method 4: a solution of 9-borabicyclo[3.3.1]nonyl bromide (9-BBN–Br) in CH2Cl2 (1.0
M, 6.2 mL, 6.2 mmol for 2a or 8.7 mL, 8.7 mmol for 2b) was added to a solution of 2a or
2b (1.00 g, 1.34 mmol) in CH2Cl2 (20 mL) at 0 oC under argon. The reaction mixture was
stirred at room temperature (2a) or 35 oC (2b) for 6 days and the progress of the cleavage
was monitored by TLC (silica, diethyl ether–hexane 1 : 1). The reaction mixture was
quenched with water (15 mL) and extracted with CH2Cl2 (3 x 30 mL). The combined
organic layers were dried over MgSO4 and concentrated. The products were purified and
separated by column chromatography (silica, diethyl ether– hexane 1 : 2 to 1 : 1 gradient)
to yield 9b,s (64 mg, 0.12 mmol, 9%) and 9b,ns (244 mg, 0.46 mmol, 34%) as white
solids.
Compound 9b,s: TLC Rf: 0.50 (diethyl ether–hexane 1 : 1); δH (300 MHz, CDCl3) 7.94
(3H, s, arom. H), 7.83 (3H, s, arom. H), 5.90 (3H, s, OH), 4.32 (6H, t, OCH2, J 6.6 Hz),
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1.83–1.99 (9H, m, CH2 and CH), 1.07 (18H, d, CH3, J 6.3 Hz); δC (75 MHz, CDCl3)
145.8, 145.3, 123.9, 122.9, 107.0, 104.6, 67.5, 38.1, 25.2, 22.7; HRCI MS: calc. m/z
534.2981 (C33H42O6), found m/z 534.2981 (M+).
Compound 9b,ns: TLC Rf: 0.26 (diethyl ether–hexane 1 : 1); δH (300 MHz, CDCl3) 7.96
(2H, s, arom. H), 7.94 (1H, s, arom. H), 7.81 (1H, s, arom. H), 7.77 (1H, s, arom. H), 7.76
(1H, s, arom. H), 5.88 (1H, s, OH), 5.86 (1H, s, OH), 5.83 (1H, s, OH), 4.30–4.37 (6H, m,
OCH2), 1.85–2.00 (9H, m, CH2 and CH), 1.05–1.09 (18H, m, CH3); δC (75 MHz, CDCl3)
146.2, 146.1, 145.9, 145.6, 145.5, 145.4, 124.2, 124.1, 124.0, 123.1, 123.0, 107.9, 107.6,
107.5, 104.6, 104.4, 104.2, 67.7, 38.2, 25.4, 22.9; HRCI MS: calc. m/z 534.2981
(C33H42O6), found m/z 534.2983 (M+).
2,6,10-Trinonaflyl-3,7,11-tripentyloxy triphenylene (10a,s), 2,7,11-trinonaflyl-3,6,10tripentyloxy

triphenylene

methylbutoxy)triphenylene

(10a,ns),
(10b,s),

2,6,103,6,11-

trinonaflyl-3,7,11-tris(3trinonaflyl-2,7,10–tris(3-

methylbutoxy)triphenylene (10b,ns). Nonafluorobutanesulfonylfluoride (1.27 g, 4.21
mmol) was added drop wise to a stirred solution of trihydroxy-trialkyloxy triphenylenes
9a,s, 9a,ns, 9b,s or 9b,ns (0.250 g, 0.468 mmol) and triethylamine (0.426 g, 4.21 mmol)
in 20 mL CH2Cl2 at 0 oC under argon. The reaction mixture was stirred at room
temperature for 3–5 days and the progress of the conversion was monitored by TLC
(CH2Cl2–hexane, 1 : 2). The fully converted reaction mixture was poured into water (100
mL), extracted with CH2Cl2 (3 x 20 mL), and the combined organic layer was washed
with 0.01 M HClaq (10 mL) and water (3 x 20 mL). The organic layer was dried over
MgSO4, and evaporated to give the crude product as a slightly purple solid, which was
precipitated from a saturated solution in acetone by the addition of methanol to give the
analytically pure product as a white solid.
Compound 10a,s: (394 mg 0.285 mmol); yield: 61%; (Found: C, 38.99; H, 3.02;
C45H39F27O12S3 requires: C, 39.14; H, 2.85%); TLC Rf: 0.78 (diethyl ether–hexane 1 : 5);
IR (KBr) 1355 cm-1 (S=O); δH (300 MHz, CDCl3) 8.24 (3H, s), 7.81 (3H, s), 4.31 (6H, t,
J 6.5 Hz), 1.99 (6H, m), 1.43–1.63 (12H, m), 0.99 (9H, t, J 7.1 Hz); δC (75 MHz, CDCl3)
150.6, 138.8, 129.9, 121.3, 117.2, 106.1, 69.3, 28.3, 27.7, 22.1, 13.7 (CF2,3 groups are not
resolved because of low intensity due to coupling); δF (282 MHz, CDCl3)-80.8 (9F, t, 9.6
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Hz, CF3), -109.7 (6F, t, 14.1 Hz, SCF2), -120.9 (6F, m, CF2), -126.1 (6F, m, CF2); HRESI
MS: calc. m/z 1398.1516 (C45H39F27O12S3 + NH4)+, found m/z 1398.1260 (M + NH4)+.
Compound 10a,ns: (427 mg, 0.309 mmol); yield: 66%; (Found: C, 39.06; H, 2.87;
C45H39F27O12S3 requires: C, 39.14; H, 2.85%); TLC Rf: 0.56 (diethyl ether–hexane 1 : 5);
IR (KBr) 1354 cm-1 (S=O); δH (300 MHz, CDCl3) 8.28 (1H, s), 8.14 (1H, s), 8.11 (1H, s),
7.93 (1H, s), 7.91 (1H, s), 7.82 (1H, s), 4.31 (6H, m), 2.00 (6H, m), 1.44–1.61 (12H, m),
1.00 (9H, t); δC (75 MHz, CDCl3) 158.6,157.9, 157.6, 133.4, 131.5, 130.9, 130.1, 128.6,
128.4, 122.5, 122.2, 120.2, 114.9, 114.6, 104.7, 104.6, 104.2, 103.7, 103.5, 102.5, 68.8,
27.7, 27.2, 21.4, 13.0 (CF2,3 groups are not resolved because of low intensity due to
coupling); δF (282 MHz, CDCl3) -79.9 (3F, t, CF3), -81.1 (6F, t, CF3), -109.8 (2F, t,
SCF2), -110.1 (4F, t, SCF2), -121.0 (2F, m, CF2), -121.2 (4F, m, CF2), -126.1 (2F, m,
CF2), -126.4 (4F, m, CF2); HRESI MS: calc. m/z 1398.1516 (C45H39F27O12S3 + NH4),
found m/z 1398.1372 (M + NH4)+.
Compound 10b,s: (0.055 g, 0.103 mmol); yield: 74%; (Found: C, 39.06; H, 3.03;
C45H39F27O12S3 requires: C, 39.14; H, 2.85%); TLC, Rf: 0.78 (diethyl ether–hexane 1 : 5);
δH (300 MHz, CDCl3) 8.13 (3H, s), 7.68 (3H, s), 4.29 (6H, t, J 6.5 Hz), 1.92–2.00 (3H,
m), 1.83–1.90 (6H, m), 1.02 (18H, d, J 6.5 Hz); δC (75 MHz, CDCl3) 150.9, 139.1, 130.3,
121.6, 117.5, 106.3, 68.1, 37.7, 25.0, 22.6 (CF2,3 groups are not resolved because of low
intensity due to coupling); δF (282 MHz, CDCl3) -80.9 (9F, t, CF3, J 9.3 Hz), -109.8 (6F,
t, SCF2, J 13.8 Hz),-121.0(6F, m, CF2), -126.2 (6F, m, CF2).
Compound 10b,ns: (0.364 g, 0.681 mmol); yield: 94%; (Found: C, 39.28; H, 2.76;
C45H39F27O12S3 requires: C, 39.14; H, 2.85%); TLC Rf: 0.56 (diethyl ether–hexane 1 : 5);
δH (300 MHz, CDCl3) 8.30 (1H, s), 8.15 (1H, s), 8.13 (1H, s), 7.96 (1H, s), 7.94 (1H, s),
7.84 (1H, s), 4.33–4.38 (6H, m), 1.88–2.04 (9H, m), 1.05–1.08 (18H, m); δC (75 MHz,
CDCl3) 151.2, 151.1, 150.8, 140.7, 140.3, 140.1, 130.4, 129.4, 129.0, 124.0, 123.5, 122.5,
119.6, 118.2, 117.2, 117.1, 115.3, 110.5, 107.6, 106.8, 68.5, 38.1, 25.3, 23.1, 23.0 (CF2,3
groups are not resolved because of low intensity due to coupling); δF (282 MHz, CDCl3) 80.7 (3F, t, CF3, J 8.5 Hz), -80.9 (6F, t, CF3, J 8.5 Hz), -109.6 (2F, t, SCF2, J 14.1 Hz), 109.9 (4F, t, SCF2, J 14.1 Hz), -120.9 (2F, m, CF2), -121.0 (4F, m, CF2), -126.0 (2F, m,
CF2), -126.2 (4F, m, CF2).
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2,6,10-Tri-cyano-3,7,11-tripentyloxy
tripentyloxy

triphenylene

triphenylene
(11a,ns),

(11a,s),
2,7,11-

2,6,11-tri-cyano-3,7,10tri-cyano-3,6,10-tris(3-

methylbutoxy)triphenylene (11b,ns). A solution of 10a,s, 10a,ns, or 10b,ns (0.100 g,
0.072 mmol) in 20 mL dry, deoxygenated DMF (saturated with argon) was heated to 85
o

C under argon. Pd(PPh3)4 (0.0293 g, 0.02534 mmol) and Zn(CN)2 (0.0340 g, 0.2897

mmol) were added in 5 portions, in solid addition funnels, over 35 min. The reaction
mixture was stirred at 85 oC for 6–7 days until no starting material and intermediate
products were detected by TLC (CH2Cl2– hexane 1: 1 and ethyl acetate–hexane 1: 3).
CH2Cl2 was added to the reaction mixture and the organic phase was extracted with water
to remove DMF and ionic contaminants. Evaporation of the organic phase gave the crude
product, which was precipitated from acetone by the addition of ethanol to give the
product as white (11a,s) or pale yellow crystals (11a,ns and 11b,ns).
Compound 11a,s: (22 mg, 0.040 mmol); yield: 55%; TLC Rf: 0.30 (CH2Cl2–hexane 1 : 1);
IR (KBr) 2227 cm-1 (C≡N); δH (300 MHz, CDCl3) 8.70 (3H, s, arom. H), 7.83 (3H, s,
arom. H), 4.36 (6H, t, OCH2, J 6.4 Hz), 2.03 (6H, m, CH2), 1.48–1.61(12H, m, CH2), 1.01
(9H, t, CH3, J 7.2 Hz); δC (75 MHz, CDCl3) 160.6, 135.6, 131.6, 121.5, 116.7, 105.2,
103.6, 70.4, 29.2, 28.7, 27.3, 23.0, 14.6; HRCI MS: calc. m/z 561.2991 (C36H39N3O3),
found m/z 561.2997 (M+).
Compound 11a,ns: (39 mg, 0.068 mmol); yield: 95%; TLC Rf: 0.24 (CH2Cl2–hexane 1 :
1); IR (KBr) 2228 cm-1 (C≡N); H (300 MHz, CDCl3) 8.76 (1H, s), 8.64 (1H, s, arom. H),
8.60 (1H, s, arom. H), 7.86 (1H, s, arom. H), 7.82 (1H, s, arom. H), 7.80 (1H, s, arom. H),
4.34 (6H, m, OCH2), 1.99 (6H, m, CH2), 1.47–1.64 (12H, m, CH2), 1.00 (9H, t, CH3); δC
(75 MHz, CDCl3) 159.7, 159.0, 158.6, 134.5, 132.5, 132.0, 131.1, 129.6, 129.4, 123.5,
123.1, 121.1, 116.0, 115.9, 115.8, 105.7, 105.6, 105.2, 104.7, 104.4, 103.4, 69.8, 29.8,
28.8, 28.3, 28.2, 22.6, 14.2; HRCI MS: calc. m/z 561.2991 (C36H39N3O3), found m/z
561.2979 (M+).
Compound 11b,ns: (0.175 g, 0.127 mmol); yield: 77%; TLC Rf: 0.25 (CH2Cl2–hexane 1 :
1); IR (KBr) 2228 cm-1 (C≡N); δH (300 MHz, CDCl3) 8.78 (1H, s, arom. H), 8.68 (1H, s,
arom. H), 8.63 (1H, s, arom. H), 7.89 (1H, s, arom. H), 7.85 (1H, s, arom. H), 7.83 (1H, s,
arom. H), 4.37–4.41 (6H, m, OCH2), 1.99–2.06 (3H, m, CH2), 1.90–1.95 (6H, m, CH2),
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1.07–1.10 (18H, m, CH3); δC (75 MHz, CDCl3) 159.7, 159.1, 158.7, 134.6, 132.6, 132.1,
131.3, 129.9, 129.6, 123.7, 123.3, 121.3, 116.1, 116.0, 115.9, 105.8, 105.7, 105.3, 104.8,
104.6, 103.6, 68.3, 68.2, 68.1, 37.8, 37.7, 25.3, 22.8; HRCI MS: calc. m/z 561.2991
(C36H39N3O3), found m/z 561.2993 (M+).
2.3.2. Mesomorphism
Polarized light microscopy was performed on an Olympus TPM51 polarized light
microscope that is equipped with a Linkam variable temperature stage HCS410 and
digital photographic imaging system (DITO1). Calorimetric studies were conducted on a
Mettler Toledo DSC 822e and thermal gravimetric analysis was performed on a Mettler
Toledo TGA SDTA 851e. Helium (99.99%) was used to purge the system at a flow rate of
60 mL min-1. Samples were held at 30 oC for 30 min before heated to 550 oC at a rate of 2
o

C min-1. All samples were run in aluminium crucibles. XRD measurements were

performed on a Bruker D8 Discover diffractometer equipped with a Hi-Star area detector
and GADDS software package. The tube is operated at 40 kV and 40 mA and CuKα1
radiation (λ = 1.54187 Å) with an initial beam diameter of 0.5 mm is used. Samples were
studied as mechanically aligned films on Kapton® foil or selfsupported and as bulk
materials in glass capillaries. Sample detector distances were varied between 15.0 cm and
9.0 cm. A modified Instec hot & cold stage HCS 402 operated via controllers STC 200
and LN2-P (for below ambient temperatures) was used for variable temperature XRD
measurements.
2.3.3. TOF charge carrier mobility
Sample cells were prepared from ITO-coated glass slides separated by 12.5 mm thick
polyimide spacers and glued together with silicon cement. Interferometry using a UV-Vis
spectrophotometer was used to determine the cell thickness. The effective area of the
electrodes was adjusted to 0.25 cm2. Samples were injected into the cells by capillary
action in vacuo at temperatures of their isotropic liquid phases. Filled cells were slowly
cooled into the liquid crystal phase to obtain homeotropic domains. The sample cells were
mounted in a custom-made hot stage and carrier mobility was measured by a TOF
technique. A N2-pulse laser was used for light irradiation at a wavelength of 337 nm and a
pulse width of 800 ps. An electric field was created in the cell using a DC power supply
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(WF1941). The transient photocurrents were detected by a digital oscilloscope (HP,
infinum). The mobilities (µ) were calculated from the equation, µ = d2 (V x ts)-1, where d
is the sample thickness, V the applied bias and ts the transit time. Transit times of the
photogenerated carriers in the material were determined from the inflection points on the
double-logarithmic plot of the photodecay curves.
2.3.4. Electrochemistry
Electrochemical measurements were performed using a standard one-compartment, threeelectrode electrochemical cell connected to an Electrochemical Analyzer BAS 100B/W
(Bioanalytical Systems). The working electrode was a glassy carbon electrode (3 mm
diameter) and was freshly polished and ultrasonically rinsed with ethanol before each
measurement. Silver (Ag/0.1 M AgNO3 in CH3CN) and platinum wires were used as
reference and counter electrodes, respectively. Solvents were obtained from a solvent
purification system (Innovative Technology Inc. MA, USA, Pure-Solv 400) and
tetrabutylammonium perchlorate (TBAClO4) of electrochemical grade was used as
supporting electrolyte (Aldrich). Ferrocene (Fluka) functioned as internal standard and all
measurements were conducted under dry argon.
Computational studies
DFT calculations were performed with a CAChe WorkSystem Pro Version 6.1 software
(Fujitsu America) and with Gaussian 03 (Gaussian, Inc., Pittsburgh, PA, 2004).

2.4. Results and discussion
2.4.1. Synthesis
Scheme 2.1 summarizes the synthetic approaches to the prepared mono- and trisubstituted pentyloxy and 3-methylbutyloxy triphenylenes. All triphenylene cores were
prepared following a procedure for oxidative coupling of 1,2-dialkoxy benzene
derivatives in the presence of FeCl3 developed by Bushby and co-workers.43
Nitromethane or a 1 : 1 mixture of dichloromethane and nitromethane is used here as
solvent because higher yields are obtained in comparison to commonly used
dichloromethane. A similar result was recently reported by Kumar and Lakshmi44 and
may be reasoned with the formation of fewer side products generated by acidic alkyl ether
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cleavage because of shorter reaction times due to the higher solubility of FeCl3 in
nitromethane.
In addition, a decreased aggressiveness of the generated HCl toward the aryl alkyl ethers
may be expected because nitromethane provides additional H-bonding sites. Replacement
of FeCl3 by VOCl345 and MoCl546 as oxidizing agents was reported to increase the yield
of hexaalkoxy triphenylenes in dichloromethane but did not increase the yields here when
nitromethane was used as solvent. Mono-hydroxyl pentapentyloxy triphenylene 3a was
prepared by two different two-step methods, a statistical ether cleavage of 2a with Bbromocatecholborane and a statistical cyclization of 6a and 1a followed by selective
methyl ether cleavage with LiPPh2. Statistical pentyl ether cleavage of 2a withBbromocatecholborane generated 3a in modest yields of 47% after chromatographic
separation from unreacted 2a (26%) and recrystallization. We could not reproduce
reported yields of 70%47 because in our hands increased amounts of Bbromocatecholborane or longer reaction times eventually produce di-hydroxyl derivatives
that complicate chromatographic separation.
Statistical cyclization of 6a and 1a gave mainly 8a and 2a in yields of 24% and 31%,
respectively. Derivatives with 2 and 3 methoxy groups only contributed to less than 5%
of the product mixture. This mixture was subjected to selective cleavage of the methyl
ethers by LiPPh2 because chromatographic separation is more feasible after ether
cleavage, to give 3a in 84% yield with regard to the content of 8a in the mixture of
starting materials but only 20% yield overall. Consequently, the first method is preferable
because it produces 3a in 38% overall yield based on dialkoxy benzene starting materials
and does not require the preparation of two different dialkoxy benzene derivatives 1a and
6a.
However, both methods are economical, despite their moderate yields, for the preparation
of smaller amounts of 3a (<2 g) because they involve only two steps. Large scale
preparations are best conducted by cross-coupling methods via ortho-terphenyls as only
one triphenylene derivative is generated, which avoids complex chromatographic
separations.48,49 In contrast, the frequently used biphenyl route50,51 to 8a requires
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additional steps that lower the overall yield and chromatographic separation of the
mixture of two triphenylene products is still required.
Tri-hydroxyl tri-alkoxy triphenylenes 9 were prepared by 4 different methods for
comparison and separated as pure isomers by column chromatography (Scheme 2.1).
Method 1 was developed based on the experimental observation of an increasing number
of ether cleavage products in the acidic reaction mixture of the oxidative cyclization when
left stirring at room temperature in analogy to what was recently reported by Kumar and
Lakshmi for mono-hydroxyl penta-alkoxy triphenylene derivatives.44
Compounds 9a,s (s = symmetric substitution pattern) and 9a,ns (ns = non-symmetric
substitution pattern) were formed in equal amounts and moderate overall yields of 54%,
considering that two reactions were conducted, but the chromatographic separation of the
side products is cumbersome and incompatible with scales larger than 1–2 g. Although
the tri-hydroxyl derivatives appear to be a thermodynamic sink exact timing of the acidic
cleavage reaction is crucial for minimizing the content of other hydroxyl derivatives.
Method 2 started with the statistical preparations of isomer mixtures of 7a (pentyloxy
chains) and 7b (3-methylbutyloxy chains) in moderate yields of 48–54% for both
isomers. A 3 : 1 mixture of non-symmetric to symmetric isomers was obtained for both
7a and 7b and was expected for a statistical cyclization of 6a/b. Both mixtures were
converted to isomer mixtures 9a and 9b by selective methyl ether cleavage with
LiPPh2.52,53
Consistently higher yields were obtained for the methyl ether cleavage of non-symmetric
derivatives 7a/b,ns (65–70% with regard to their contents in the isomer mixtures) than for
the symmetric derivatives 7a/b,s (45–50%) whereas the yields were not lowered by the
branched side chains. The main advantage of this method is the low content of side
products that eases chromatographic purification.
A similar approach was first reported by Ringsdorf and co-workers where they cleaved
three methyl ether groups of a symmetric trimethyloxy-tripentyloxy triphenylene in two
separate steps to give the product in comparable overall yield.54 Zhao and co-workers
recently described the methyl ether cleavage in one step to give the non-symmetric tri
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hydroxyltrihexyloxy triphenylene in high yield of 75%.55 No yield was provided for the
symmetric isomer.
Previously reported statistical alkyl ether cleavage with boron catechol bromide47 and
selective cleavage with boron bicyclononane bromide54 were tested in methods 3 and 4,
respectively. Both methods started with the preparations of 2a and 2b in yields of 80%
and 49%, respectively. Ether cleavages of 2a and 2b generated compounds 9a (pentyloxy
side chains) in higher yields than compounds 9b (3-methylbutyloxy side chains), which
likely is a result of steric hindrance. This assumption is supported by the fact that twice as
many equivalents of boron reagent were required for cleaving the methyl ether groups of
7b,s/ns at a rate comparable to 7a,s/ns.
Yields and product ratios for compounds 9a were similar to what was previously reported
while the reported reaction times (1–2 days) were much shorter than what was required
here (1–2 weeks). Unexplained, but consistent with previously reported results, remains
the observation that method 3 produces more of the symmetric tri-hydroxyl derivative and
method 4 more of the non-symmetric tri-hydroxyl derivative.
In summary, method 1 produces both isomers 9a,s/ns in one step and equal yields of 26–
28% but requires accurate timing and complex chromatographic separations. Method 2
generates the symmetric and non-symmetric isomers 9a/b,s and 9a/b,ns in two steps and
overall yields of about 7% and 27%, respectively. The method works equally well for 7a
and 7b and chromatographic separations/purifications of the two isomers are
straightforward. Overall yields of two-step methods 3 and 4 for 9a,s are 41% and 30%,
respectively, as well as 22% and 38% for 9a,ns but sterically hindered compounds 9b,s
and 9b,ns are obtained in only 9% and 9% for method 3 as well as 5% and 17% for
method 4. In conclusion, methods 3 and 4 are superior for the preparation of compounds
9a while method 2 gives higher overall yields for compounds 9b.
Mono- and tri-hydroxyl compounds 3a, 9a, and 9b were reacted with perfluoro-1butanesulfonyl fluoride to give the mono- and tri-nonaflates 4a and 10a/b in good to
excellent yields and their Pd catalyzed cross-coupling with zinc cyanide yielded the
mono- and tri-cyano compounds 5a and 11a/b in good to excellent yields.39 This route to
5a and 11a/b is shorter and higher yielding than the previously reported pathways to 5a
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and its derivatives via brominated triphenylene precursors and their substitution by
CuCN.56,57
However, a precise ratio between Zn(CN)2 and Pd0 catalyst is required for achieving high
yields58,59 and the high loading of catalyst is detrimental to large scale reactions.
Worthwhile mentioning is that 1-nonaflate-2-pentyloxy benzene can be oxidatively
cyclized directly to a mixture of 10a,s/ns but only in a low yield of about 5%. The low
yield is most likely caused by partial cleavage of the nonaflate groups but no optimization
of this reaction was attempted.

Scheme 2.1. (a) 2.5 eq. BrC5H11 or 3-methylbutylbromide, 2.5 eq. K2CO3, KIcat, DMF, 110 oC; (b)
3.5 eq. FeCl3, CH2Cl2–MeNO2 (1 : 1), 0 oC; (c) 1.5 eq. B-cat-B, CH2Cl2, 0 oC to rt, 5 d; (d) 3.5 eq.
NEt3, 3.5 eq. FO2SC4F9, DMF, 0 oC to rt; (e) 0.5 eq. Pd(PPh3)4, 2 eq. Zn(CN)2, DMF, 85 oC; (f)
1.5 eq. 3-methylbutylbromide, 1.5 eq. K2CO3, KIcat, DMF, 80 oC; (g) 3.5 eq. FeCl3, CH2Cl2–
MeNO2, (1 : 1) 0 oC; (h) 2 eq. LiPPh2, THF, rt, 2 d; (i) 3.5 eq. FeCl3, CH2Cl2–MeNO2 (1 : 1), 0 oC
to rt, 3 d; (j) 9.3 eq. LiPPh2, THF, rt, 8 d; yields are given with regard to isomer contents in the
reactant mixtures; yields for both isomers in mixtures 9a and 9b with regard to mixtures 7a and
7b are 63% and 61%, respectively; (k) 3.6 eq. (for 9a), 6.6 eq. (for 9b), B-cat-B, DCM, 0 oC to rt,
13 d; (l) 4.6 eq. (for 9a), 6.5 eq. (for 9b), 9-BBN-Br, CH2Cl2, 0 oC to rt, 6 d; (m) 9 eq. NEt3, 9 eq.
FO2SC4F9, DMF, Ar, 0 oC to rt; (n) 0.35 eq. Pd(PPh3)4, 4 eq. Zn(CN)2, DMF, Ar, 85 oC.
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2.4.2. Mesomorphism
The phase behaviour of triphenylene derivatives 2a, 2b, 4a, 5a, 7b,s/ns, 10a/b,s/ns,
11a,s/ns and 11b,ns was studied by polarized optical microscopy (POM), thermal
analysis (differential scanning calorimetry (DSC) and thermal gravimetric analysis
(TGA)), and variable temperature X-ray diffraction (XRD). POM images, DSC and TGA
curves, as well as XRD data not presented in the text are available in ESI. Phase
assignment, transition temperatures and enthalpies are summarized in Fig 2.1. Hexapentyloxy triphenylene 2a has been intensely studied for more than a decade and is
included as a reference compound.27
Not included in the phase diagram are compounds 7a,s/ns because they have been
previously reported and do not exhibit mesophases.54,60 Substitution of one pentyl group
by a nonaflate group in 4a rises the clearing point (transition into the isotropic liquid
phase) from 122 oC in 2a to 186 oC and crystallization is fully suppressed (Tg = -57 oC).
Instead 4a forms a higher ordered hexagonal columnar mesophase below 80 oC. This
phase is denoted as hexagonal plastic columnar (Colhp) in analogy to similar phases that
have been reported for penta-alkoxy triphenylene derivatives containing one bulky ester
group and has also been observed for the triflate analogue of 4a.61–63
Diffraction patterns and POM images of 4a in the low temperature Colhp and high
temperature Colh phases are provided in Figure 2.2. The transition between Colhp and
Colh is optically best observed on cooling because the colours of birefringence change
and birefringence increases, especially at birefringent boundaries between homeotropic
domains. DSC measurements resolve a small peak of 0.11 kJ mol-1 for the transition of
Colhp to Colh only on heating. A clear change is also seen in the diffraction patterns in
which the diffraction peaks of the high temperature phase could be assigned to a
conventional 2-dimensional Colh phase and the peaks of the low temperature Colhp phase
are assigned by following previously reported examples.61,64,65
Suppression of crystallization in these DLCs has been explained with restricted freedom
of rotation about the stacking axis due to steric hindrance and dipolar interactions
between the ester groups within a columnar stack.66,67 What causes the transition between
Colh and Colhp is not fully understood but the rotational dynamic of the triphenylene
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molecules about their stacking axis does not significantly change as evidenced by
Wendorff and co-workers.61 Neither does crystallization of the aliphatic chains occur
because the ‘‘halo’’ observed by XRD at about 4.5 Å indicates an amorphous packing of
aliphatic chains and remains unchanged.

Figure 2.1. Graph of phase transition temperatures and enthalpies on heating (left column) and
cooling (right column). Transition temperatures and enthalpies are based on the 1st cooling and
2nd heating runs by DSC at 10 oC min-1. Phase assignments are based on XRD (Colh = hexagonal
columnar; Colhp = hexagonal plastic columnar; Colh,sc = hexagonal columnar soft crystal). A
table of the DSC data is provided in ESI.

Compounds 10a and 10b represent the first examples of discotic triphenylenes containing
three sulfonyl ester groups and they all display Colh mesophases as confirmed by POM
and XRD. Their melting temperatures are increased when compared to 2a and 4a but
their clearing temperatures are similar or lower than for 4a. Consequently, the
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temperature ranges of their mesophases are significantly smaller. Corresponding triesters
of aliphatic carboxylic acids have been reported to form Colh phases over wide
temperature ranges but no XRD analysis was conducted.68
The most remarkable observation by POM is that all four compounds 10a/b,s/ns easily
align into large pseudo-isotropic homeotropic domains, which are indicative of Colh
phases. Diffraction patterns confirm the hexagonal columnar structures of the mesophases
of compounds 10a,s/ns and 10b,s but diffraction measurements on the monotropic
mesophase of 10b,ns were not successful because crystallization occurred. Compound
10a,s solely displays a higher ordered Colhp phase (Figure 2.3), explained above for
compound 4a, whereas 10a,ns and 10b,s display conventional Colh phases. All three
compounds show unusually large stacking distances of 3.8–4.0 Å that are enforced by the
steric bulk of the sulfonyl ester groups.
Compound 10a,s is also exceptional in its ‘‘crystallization’’ from the Colhp phase because
only minor changes to the optical texture occur and the diffraction pattern is identical
with the pattern of its Colhp phase except for shorter packing distances (Figure 2.3). Since
no crystallization is detected by XRD, the broad halo between 2θ = 10o and 20o confirms
an amorphous state of the side chains, this solid phase may rather be referred to as
mesophase. The formed solid, however, is hard and brittle and not ductile and soft as for
compounds 11 described below.
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Figure 2.2. XRD patterns of 4a at different temperatures (Colhp at 25 oC and 75 oC and Colh at
125 oC and 160 oC).

Mono-cyano compound 5a has been reported to display two columnar mesophases57 but
we only observed one Colh phase between 52 oC and 228 oC on heating. The large
increase in temperature range of the mesophase, when compared to 2a, is a result of
strong dipolar interactions between neighbouring triphenylene cores induced by the cyano
group.69 In addition, co-facial interactions between the aromatic cores may also be
increased by the electron withdrawing character of the cyano group that reduces
electrostatic repulsion.37
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Figure 2.3. Diffraction patterns of the solid (on cooling) and the Colhp mesophases of 10a,s at
different temperatures.

A reduction in electrostatic repulsion may be the main contributor to the much higher
melting (clearing) temperatures of tri-cyano compounds 11a,s, 11a,ns, and 11b,ns, at 346
o

C, 293 oC, and 265 oC, respectively. POM textures, transition enthalpies and XRD

patterns corroborate the presence of crystalline rather than liquid crystalline phases. They
are labelled as soft crystal (sc) phases because they are ductile and soft materials at
ambient and elevated temperatures. An analogue of 11a,ns with hexyl chains has
previously been reported not to show liquid crystallinity but no experimental data are
provided in the paper70 or in the literature cited therein.
XRD reveals that compound 11a,s displays the least crystalline mesophase of the three
because its side chains are in an amorphous state and all its reflections can be assigned to
a hexagonal columnar structure. Compounds 11a,ns, and 11b,ns show a large number of
reflections indicating a crystalline state of both core and side chains. Their small angle
reflections could be tentatively assigned to a hexagonal columnar structure but several
other reflections remain unassigned.
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A general comparison of the phase transitions of compounds containing n-pentyloxy
chains with compounds b containing 3-methylbutyloxy chains illustrates the importance
of packing considerations of side chains. To our surprise compound 2b is not liquid
crystalline because its melting point is increased to 131 oC when compared to 66 oC for
2a, which apparently is beyond the temperature range of a potential mesophase of 2b.
Methyl branching at the end of the alkyl chains significantly stabilizes the crystal phase
but it does not equally stabilize the mesophase.
No significant differences in melting temperatures are observed between compounds
7a,s/ns and 7b,s/ns that do not form mesophases. In contrast, the change from npentyloxy to 3-methylbutyloxy in compounds 10a/b,s/ns and 11a/b,ns lowers melting
(except for 10b,ns) and clearing temperatures.
Branching of side chains close to the aromatic core has been shown to lower both melting
and clearing temperatures because the branching interferes with the p-stacking.71 The
effect of branching toward the end of side chains is more difficult to predict and has been
demonstrated to also affect alignment of DLCs.72,73 Stabilization of the crystal phase, as
observed for 2b, may be reasoned with an improved space filling packing of the 3methylbutyloxy chains, especially in a crystalline state, to satisfy the increasing in-plane
volume with increasing distance from the core.
The effect of branching is marginal in compounds 7a/b,s/ns presumably because excess
in-plane packing volume is available for the three alkyl chains, although this should also
apply to 11b,ns for which a decrease in melting temperature by 28 oC is observed when
compared to 11a,ns. The rigid perfluoro butyl groups of the nonaflate ligands in
10a/b,s/ns push the branched methyl groups out of plane according to models based on
molecular mechanics, which would explain the observed decreases in melting and
clearing temperatures.
Change from a symmetric (10a/b,s and 11a,s) to a nonsymmetric (10a/b,ns and 11a,ns)
substitution pattern expectedly decreases melting and clearing temperatures.74,75
However, no systematic effect on the temperature range of the mesophase is observed.
The temperature ranges of the mesophases increase for 10a,ns when compared to 10a,s
and decrease for 10b,ns when compared to 10b,s.
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Thermal stability under He was determined by TGA based on the onset of weight loss
(>0.2%) at a heating rate of 2 oC min-1. Hexaalkoxy-substituted compounds 2 and 7 were
stable to about 270 oC while the attachment of the more labile nonaflate group in
compounds 4a and 10 lowered thermal stability to 235 oC and 220 oC, respectively.
Exchange of alkoxy by cyano groups increased the thermal stability of compounds 5a and
11 to 280 oC and 310 oC, respectively. The values of the first weight loss steps in
compounds 2a, 5a and 11a,s/ns concur with their contents of pentyl groups by mass,
which suggests the alkyl ether bonds are thermally most labile and the electron
withdrawing character of the cyano groups increases their thermal stability.
2.4.2. Charge carrier mobility
Compound 4a was chosen for charge carrier mobility measurements by the time-of-flight
(TOF) technique because of its transition into a higher ordered Colhp mesophase.7
Unfortunately, the filling of cells for TOF measurements was problematic because it
required temperatures close to the thermal decomposition of 4a over extended periods of
time. Neither was homeotropic alignment over larger areas achieved in the ITO-coated
glass cells even though the compound readily aligns homeotropically between clean glass
slides.
Consequently, the measured mobility of about 10-3 cm2 V-1 s-1 for 4a in its Colhp
mesophase at 25 oC is a factor of 10 to 100 below the expected intrinsic mobility.
Interestingly, a higher mobility for electrons than for holes was measured, which suggests
the compound may have n-type character. Reproducible measurements in the Colh phase
failed because the sample was insufficiently stable at these temperatures when voltages of
5–10 kV cm-1 were applied.
2.4.3. Electronic properties
Solutions of compounds 2a, 4a, 10a/b,s/ns, 5a and 11a,s/ns were studied by cyclic
voltammetry (CV) to determine approximate energy values of their HOMO and LUMO
frontier orbitals in comparison to ferrocene.14 Optical HOMO–LUMO gap energies were
determined by UV-Vis spectroscopy in solution and are presented in Table 2.1 together
with the values obtained by CV. All compounds show reversible or quasi-reversible
oxidation peaks but no reduction peaks in the observed electrochemical window (<-2.20
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V) except for compound 5a that shows a reversible reduction peak and an irreversible
reduction peak for 11a,s.
Values obtained for reference compound 2a are in good agreement with previously
reported values,14,70 which validates the presented approach. Introduction of one electron
withdrawing nonaflate (4a) or cyano (5a) group decreases EHOMO by only 0.09 eV and
0.13 eV and ELUMO by 0.47 eV and 0.75 eV, respectively, in comparison to 2a. Cyano is
expectedly stronger π-electron withdrawing than nonaflate and in both compounds the
LUMO energies are lowered more than the HOMO energies.
Surprisingly, introduction of three nonaflate groups in compounds (10a/b,s/ns) changes
frontier orbital energies less than the one nonaflate group in 4a. Frontier orbital energies
of symmetric compounds 10a/b,s and HOMO energies of unsymmetric compounds
10a/b,ns are within 0.1 eV of 2a. Only ELUMO values of unsymmetric compounds
10a/b,ns are lowered with regard to 2a by about 0.24 eV, which is significantly less than
the 0.47 eV obtained for 4a. A change from n-pentyloxy in 10a to branched 3methylbutyloxy groups in 10b has a negligible affect on the frontier orbital energies.
Introduction of three cyano groups in compounds (11a,s/ns) again does not lower frontier
orbital energies significantly below the values obtained for 5a that contains only one
cyano group. Frontier orbital energies of unsymmetric 11a,ns are lower than the values of
symmetric 11a,s but only slightly lower than for 5a.
It is evident from these results that lowering the symmetry of 2,3,6,7,10,11-hexasubstituted triphenylenes is at least equally effective in lowering frontier orbital energies
as the introduction of electron withdrawing groups. This symmetry effect is mainly
caused by the splitting of molecular orbitals that are degenerated in the symmetric
compounds. Consequently, compound 11a,ns has the highest electron affinity (lowest
ELUMO) and smallest HOMO–LUMO gap of all compounds measured here but its
absolute frontier orbital energies are still higher than the values of reported electron
deficient organic semiconductors that function as ‘‘n-type’’ materials.20,23,25,76
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Table 2.2. Redox potentials determined by CV and optical HOMO–LUMO gaps of
nonaflate and cyano-substituted triphenylene derivatives

Quantum chemical calculations at the DFT level were employed to improve our
understanding of the contributions of different parts of the molecules to the frontier
orbitals and to predict relative changes in HOMO–LUMO energies of other potentially
discotic triphenylene derivatives. Initial calculations were performed on the compounds
investigated here at different levels and with different basis sets in CAChe (DVW-631G*, B88LYP-6-31g**, B88LYP-DZVP) and Gaussian 2003 (B3LYP- 6-31g*, LSDA3-21g). The obtained values were compared with the experimental values to single out the
most suitable method (see ESI for details).
All calculations reproduce the relative changes of measured optical HOMO–LUMO gaps
reasonably well but, to our surprise, B88LYP-DZVP gives an equally good agreement
with the experimental trend as LSDA-3-21g. Absolute values of calculated frontier orbital
energies are expectedly different to the experimental values because solvation was not
considered in the calculations. The gap values calculated with B88LYP-DZVP and
LSDA-3-21g are about 0.5 eV too small while they are about 0.8 eV too large for
B3LYP-6-31g*.
B88LYP-DZVP was chosen for estimating frontier orbital energies of other triphenylene
derivatives depicted in Figure 2.4 because it is the fastest method of those who gave good
agreement with relative changes of the experimental values. Consequently, the calculated
HOMO–LUMO gaps presented in Figure 2.4 are expected to be about 0.5 eV below the
real values as outlined above.
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Predictions of absolute values of EHOMO and ELUMO are less reliable than predictions of
their energy gaps because their deviation from the experimental values varied with the
type of compound. Calculated EHOMO values of compounds 2a, 4a, and 5a are 1 eV higher
than the experimental values and calculated ELUMO values are 0.5 eV higher. Calculated
EHOMO values of 10s/ns and 11s/ns are close to the experimental values while their
calculated ELUMO values are about 0.5 eV lower than the experimental values. However,
the intention of the calculations presented here is to estimate relative changes in HOMO
LUMO energies for specific structural changes and not an accurate prediction of HOMO–
LUMO values.
A comparison of compounds 12, 13, 2a, and 14 reveals the electronic effect of
exchanging H atoms in the parent triphenylene 12 by alkyl (13), alkyloxy (2a), and
alkylthio (14) groups. Both EHOMO and ELUMO shift to higher values for 13 without
significantly changing the gap in comparison to 12 while EHOMO increases by up to 1 eV
and the HOMO–LUMO gaps decrease by 0.4 eV and 0.7 eV for 2a and 14, respectively.
Hexa- (15) and per-fluorination (16) of 12 reduces both EHOMO and ELUMO but narrows the
HOMO–LUMO gap only for 16 by 0.4 eV, which may also be caused by the distorted
non-planar aromatic core of 16.71
Compounds 17ns to 22ns are tri-substituted with unsymmetric substitution pattern. A
comparison of compounds 17ns to 19ns with 11ns estimates the effect of different
electron withdrawing groups on EHOMO and ELUMO. The ester groups in 17ns are by about
0.25 eV less effective in lowering frontier orbital energies than cyano groups in 11ns,
whereas NO2 and SF5 groups in 18ns and 19ns are much more effective than CN groups.
ELUMO in 18ns and 19ns is lowered by 0.7 eV and 1.1 eV, respectively, whereas EHOMO is
only lowered by 0.2 eV in comparison to 11ns. Consequently, compounds 18ns and 19ns
have the smallest HOMO–LUMO gaps of all investigated compounds with 1.8 eV and
1.5 eV, respectively.
Exchange of the methoxy groups of 11ns by methyl groups gives compound 20ns, which
significantly lowers EHOMO and ELUMO in comparison to 11ns and 12 but the HOMO–
LUMO gap is 0.5 eV larger than for 11ns and 0.7 eV smaller than for 12. A similar effect
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on the frontier orbital energies by exchange of methoxy with methyl groups is seen in the
pair of 2a and 13 and seems to be more general.
Exchange of the methoxy groups of 17ns with hydrogen gives compound 21ns and
lowers EHOMO and ELUMO by 0.8 eV and 0.3 eV, respectively. Consequently, the HOMO–
LUMO gap is increased by 0.5 eV in comparison to 17ns. A similar change is observed
when the methoxy groups of 2a are removed to give 12. Compound 22ns is a potentially
discotic core with 6 electron withdrawing groups that lower both EHOMO and ELUMO while
the HOMO–LUMO gap remains relatively large with 2.7 eV.

Figure 2.4. Calculated frontier orbital energies and HOMO–LUMO gaps (black bars) (CAChe,
B88LYP-DZVP) of measured and other triphenylene derivatives. All alkyl chains of compounds
2–11 are replaced by methyl groups and nonaflate groups of 4a and 10a/b are replaced by triflate
groups to reduce computational time.
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Electron affinity may also be increased by exchanging C for N in the core as has been
shown for hexaazatriphenylene 23.20 EHOMO of 23 is only 0.5 eV lower than for 12 but
ELUMO is lowered by 1.3 eV, which lowers the gap from 3.5 eV for 12 to 2.7 eV for 23.
Attachment of 6 electron withdrawing CN groups to 23 generates 24 as the most electron
deficient triphenylene derivative studied here.
Compounds 12, 13, 14 (hexyl for methyl), 16, 21s (not ns), 23, and 24 have been reported
in the literature but red/ox potentials have only been provided for 12,77–80 23,81 and 2482,83
and are in good agreement with the relative changes in HOMO–LUMO energies
calculated here.
The adjustment of frontier orbital energies of DLCs for organic electronic devices is
important for controlling charge injection at interfaces among other device properties.
Charge transport, on the other hand, is expected to increase with increasing overlap of the
frontier orbitals of stacked discotic cores.5 In columnar mesophases of DLCs time
averaged overlap of the frontier orbitals increases when the orbitals are located on the
center part of the π-systems because in most columnar mesophases the DLCs rotate fast
about their stacking axis.84,85
Only compounds 11s, 11ns, and 24 of the triphenylenes studied here have both HOMO
and LUMO localized on the triphenylene core. In compounds 17ns, 18ns, 19ns, and 21ns
the core contributes 100% to the HOMOs but only 70% or less to the LUMOs and the rest
is contributed by the electron withdrawing groups (ester, cyano, nitro, and SF5 groups).
To our surprise only one of the three SF5 groups in 19ns contributes 100% to the LUMO,
which makes this compound much less attractive as a potentially electron deficient
discotic organic semiconductor of small HOMO–LUMO gap.

2.5. Conclusions
A comparative study of established and new synthetic approaches to hexasubsituted
triphenylenes containing two different groups shows that statistical approaches are
preferable for smaller scale reactions (<1 g), despite more complex chromatographic
separations because they require fewer synthetic steps. Different statistical approaches
give different ratios of symmetrically and unsymmetrically substituted triphenylenes 9
and the obtained ratios are also influenced by a change from linear pentyloxy to branched
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3-methylbutyloxy chains. Preparation of cyano-substituted triphenylenes 5a and 11 by
palladium catalyzed cross-coupling to nonaflate containing precursors is higher yielding
and more versatile than previously applied Cu mediated cyanations of bromides.
The mesomorphism of the prepared triphenylenes is altered by all applied structural
changes. A change from linear pentyloxy to branched 3-methylbutyloxy chains decreases
melting and clearing points in all compounds but for 2b and 7 that do not form
mesophases. Compound 2b shows a remarkable increase in melting point when compared
to 2a. Melting and clearing points are generally decreased by changing from a symmetric
to an unsymmetric substitution pattern. Introduction of nonaflate groups in compounds 4a
and 10 aids homeotropic alignment and induces higher ordered hexagonal columnar
plastic mesophase in 4a and 10a,s. The attachment of three bulky sulfonyl esters in 10
increases stacking distances and lowers the temperature range of the Colh phases but, to
our surprise, does not inhibit the formation of Colh phases. In contrast, only the monocyano triphenylene 5a is liquid crystalline while the tri-cyanosubstituted compounds 11
display columnar soft crystal phases of very high melting temperatures. The substantially
increased stacking forces in compounds 11 are reasoned with a more electron deficient
character of the core rather than dipolar interactions that dominate the stacking forces of
mono-cyano triphenylene 5a.
Investigations of the frontier orbital energies reveal that their energies do not necessarily
decrease with an increasing number of π-electron withdrawing groups. One important
factor contributing to this finding is the symmetry of the substitution pattern because
degenerated frontier orbitals are split in unsymmetrically substituted triphenylenes that
especially lowers ELUMO. The most π-electron deficient compounds prepared here are the
unsymmetric tri-cyano-substituted triphenylenes 11a/b,ns but their ELUMO is not
sufficiently low to qualify them as good electron acceptors in organic electronic devices.
Computational studies suggest that hexaazatriphenylenes containing six electron
withdrawing groups may be the best candidates for electron deficient discotic
triphenylenes based on their low lying ELUMOs and the location of their frontier orbitals on
the aromatic cores.
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Synthesis, mesomorphism and electronic properties of
nonaflate and cyano-substituted pentyloxy and 3methylbutyloxy triphenylenes
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Mesomorphism
Table SI-2.2. Transitions temperatures (°C, peak temperature) and enthalpies (kJ/mol) of the 2nd
heating run and the 1st cooling run determined by DSC (10 °C/min).
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Table SI-2.3. X-ray diffraction data of compounds 1 as fibers and 2 as aligned thin films on
Kapton foil derived from 2-D diffraction patterns
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Figure SI-2.5. XRD patterns of 2a and 5a in their Colh phases.

Figure SI-2.6. XRD pattern of 11a,s at 20 ºC

79

Figure SI-2.7. XRD pattern of 11b,ns at 225 ºC

Figure SI-2.8. TGA curves of 2a, 4a, 10a,s and 11a,s at 5 ºC/min under He
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Figure SI-2.9. Photomicrographs (crossed polarizers, imaged areas are 0.6 x 0.84 mm) of
compound 4a sandwiched between clean glass slides on cooling from its isotropic phase at 105 ºC
(left, fan-shaped and homeotropic areas of its Colho phase) and at 30 ºC (right, fan-shaped and
homeotropic areas of its Colhp phase). A reversible transition between Colho phase and Colhp
phase is detected as subtle increase in birefringence especially at the boundaries between
domains and best observed at the boundaries between homeotropic domains.

Figure SI-2.10. DSC graphs of 4a run at 5 ºC/min under N2. Measurements between -30 ºC and
200 ºC with enlarged transition between Colhp and Colh phases (left) and glass transition detected
by a low temperature heating run (right).
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Figure SI-2.11. Photomicrograph (crossed polarizers, imaged area is 1.8 x 1.3 mm) of compound
5a sandwiched between clean glass slides on cooling from its isotropic phase at 228 ºC; shown
are fanshaped and homeotropic areas of the Colho phase as well as characteristic dendritic
growth patterns (left). DSC graphs of 5a run at 5 ºC/min under N2 (right).

Figure SI-2.12. Photomicrographs (crossed polarizers, imaged areas are 0.7 x 1.0 mm) of
compound 10a,s sandwiched between clean glass slides on cooling from its isotropic phase at 185
ºC; shown are fan-shaped and homeotropic areas of the Colhp phase as well as a areas with no
compound (left) and the same area after slightly shifting the top glass slide (centre). After shifting
the top glass slide the previously homeotropically aligned areas are tilted in the direction of the
shear force. DSC graphs of 10a,s run at 5 ºC/min under N2 (right).
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Figure SI-2.13. Photomicrograph (crossed polarizers, image area is 1.4 x 1.1 mm) of compound
10a,ns sandwiched between clean glass slides on cooling from its isotropic phase at 150 ºC (left);
shown are fan-shaped and homeotropic areas of the Colho phase. DSC graphs of 10a,ns run at 5
ºC/min under N2 (right).

Figure SI-2.14. Photomicrograph (crossed polarizers, image area is 1.4 x 1.1 mm) of compound
10b,s sandwiched between clean glass slides on cooling from its isotropic phase at 142 ºC (left);
shown are fan-shaped and homeotropic areas of the Colho phase. This compound aligns
preferentially homeotropically even at a relatively fast cooling rate of 5 ºC/min. DSC graphs of
10b,s run at 5 ºC/min under N2 (right). Cold crystallization precedes melting in the 2nd heating
run.

83

Figure SI-2.15. Photomicrograph (crossed polarizers, width of area 1.4 μm) of compound
10b,ns sandwiched between clean glass slides on cooling from its isotropic phase at 128 ºC (left);
shown are fan-shaped and homeotropic areas of the Colho phase. This compound aligns
preferentially homeotropically even at a relatively fast cooling rate of 5 ºC/min although fanshaped areas are observed at the edges of the sample when cooled at 5 ºC/min (insert). DSC
graphs of 10b,ns run at 5 ºC/min under N2 (right).

Figure SI-2.16. DSC graphs of 11a,s run at 5 ºC/min under N2. Slow decomposition occurs
during the DSC runs at temperatures above 300 ºC.
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Figure SI-2.17. DSC graphs of 11a,ns run at 5 ºC/min under N2. A broad transition between 80120 ºC is unique to the first heating run.

Figure SI-2.18. DSC graphs of 11b,ns run at 5 ºC/min under N2. Two transitions at 120 ºC and
130 ºC are unique to the first heating run.
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Time-of-Flight Charge Carrier Mobility Measurements

Figure SI-2.19. Applied field dependence of carrier mobility for 4a (Colhp phase at 25 °C)

Figure SI-2.20. Double logarithmic plots of photocurrent decay curves for the positive (left) and
negative (right) charges in compound 4a (Colhp phase at 25 °C).
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Cyclic Voltammetry

Figure SI-2.21. Cyclic voltammogram of 2b in DMF (7.8 x 10-4 M) (glassy carbon working
electrode, 0.1 M TBAPClO4 electrolyte, 20 ºC, scan rate = 100 mVs-1).

Figure SI-2.22. Cyclic voltammogram of 4a in CH2Cl2 (5.6 x 10-4 M) (glassy carbon working
electrode, 0.1 M TBAPClO4 electrolyte, 20 ºC, scan rate = 100 mVs-1).
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Figure SI-2.23. Cyclic voltammogram of 5a in CH3CN (8.2 x 10-4 M) (glassy carbon working
electrode, 0.1 M TBAPClO4 electrolyte, 20 ºC, scan rate = 100 mVs-1).

Figure SI-2.24. Cyclic voltammogram of 5a in CH2Cl2 (8.0 x 10-4 M) (working electrode = glassy
carbon, electrolyte = 0.1 M TBAPClO4, 20 ºC, scan rate = 100 mVs-1)

Figure SI-2.25. Cyclic voltammograms of 10a,s (5.2 x 10-4 M) (left) and 10a,ns (7.8 x 10-4 M)
(right) in CH3CN (working electrode = glassy carbon, electrolyte = 0.1 M TBAPClO4, 20 ºC,
scan rate = 100 mVs-1).
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Figure SI-2.26. Cyclic voltammograms of 11a,s (5.1 x 10-4 M) in CH3CN (working electrode =
glassy carbon, electrolyte = 0.1 M TBAPClO4, 20 ºC, scan rate = 100 mVs-1).

Figure SI-2.27. Cyclic voltammograms of 11a,ns (1.0 x 10-3 M) in CH3CN (working electrode =
glassy carbon, electrolyte = 0.1 M TBAPClO4, 20 ºC, scan rate = 100 mVs-1).
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UV-Vis Spectroscopy

Figure SI-2.28. UV-Vis spectra of stated triphenylenes derivatives in CH2Cl2 (2 x 10-4 molar)

Figure SI-2.29. UV-Vis spectra plotted versus eV for the determination of the optical band gaps.
Shown are the on-sets of absorption for 4a (left) and 5a (right) in CH2Cl2 (2 x 10-4 molar)
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Computational studies
Table SI-2.4. Comparison of HOMO-LUMO gap energies measured by UV-Vis
spectroscopy in solution (optical H-L gap) and calculated (in vacuum) at different levels
of theory.

Figure SI-2.30. Graphical comparison of calculated HOMO-LUMO gaps and the measured
optical HOMO-LUMO gap in CH2Cl2 solution.
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Chapter 3

Halide effect in electron rich and deficient discotic
phthalocyanines
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Halide effect in electron rich and deficient discotic
phthalocyanines

3.1. Abstract
A series of discotic octa- and tetra-alkylthio substituted phthalocyanines containing four
Cl, Br, I atoms or twelve fluorine atoms have been prepared. All compounds display
columnar mesomorphism as confirmed by polarized optical microscopy, thermal analysis,
and variable temperature X-ray diffraction. Phthalocyanines containing halide atoms do
not crystallize but form glassy or partially crystalline hexagonal columnar phases. Glass
transition temperatures increase with increasing size of the halide atoms and with
decreasing length of the alkyl chains. In contrast, all octa- and tetra-alkylthio substituted
phthalocyanines crystallize and octa-substituted derivatives with aliphatic chain lengths
of C5–7 exhibit tilted (rectangular) columnar mesophases. Cyclic and differential pulse
voltammetry, UV-Vis spectroscopy, and quantum chemical calculations at the DFT level
have been employed to determine frontier orbital energies of all synthesized and some
reference phthalocyanines. Octa- and tetra-alkylthio substituted phthalocyanines are
typical p-type semiconductors and the introduction of four Cl, Br, or I atoms lowers
frontier orbital energies by only up to 0.1 eV and the optical gap by up to 0.03 eV. A
significant decrease in LUMO energy by 0.5 eV to about -4.0 eV is observed for the
fluorinated phthalocyanine, which is a value right at the border of organic n-type
semiconductors that may be stable in air.

3.2. Introduction
Discotic liquid crystals (DLCs) have been investigated as an alternative class of organic
semiconductors.1 These compounds may self-organize into columnar stacks that provide
high and anisotropic charge carrier mobilities along the columnar stacks due to
overlapping p-orbital systems.2,3 In addition to efficient charge transport and the
advantages generic to most organic semiconductors, such as low temperature solution
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processing and synthetically adjustable properties, DLCs promise to be capable of selfhealing and can be used in the formation of highly anisotropic materials.
Phthalocyanines (Pcs) have been used as semi- and photoconductors for decades because
of their exceptional electrooptical properties and high stability.4,5 Their large discoid
conjugated macrocycle and strong π–π stacking forces make them ideal building blocks
for DLCs.6–9 High ‘‘intrinsic’’ charge carrier mobilities of 0.2–0.4 cm2 V-1s-1 measured
by time resolved microwave conductivity have been reported for conventional columnar
mesophases of discotic Pcs.10
While charge carrier mobility benefits from the high π−π stacking forces of Pcs11 these
forces are also responsible for the formation of highly viscous thermotropic columnar
mesophases and strong aggregation in solution. Both properties complicate processing of
columnar mesophases of discotic Pcs into aligned monodomains that are essential for
device applications. More fluidic columnar mesophases of discotic Pcs are usually more
amenable to alignment and techniques such as zone casting,12 surface and confinement
directed alignment,9,13,14 and mechanical alignment via intermediate lyotropic
mesophases15 have been successfully applied.
Crystallization of DLCs is another obstacle for device applications if major structural
rearrangements and polycrystalline materials of small domain size are generated, as it is
the case for most discotic Pcs. The ‘‘macroscopic’’ charge conduction of polycrystalline
films is drastically diminished because charge carriers are trapped at grain boundaries
between crystalline domains, although values of ‘‘intrinsic’’ mobility are usually higher
in the crystalline phases than in mesophases since π−π interactions are less disturbed by
molecular motion.10,16,17 An obvious remedy is the suppression of crystallization by the
formation of anisotropic glasses of hexagonal columnar (Colh) mesophases or discotic
plastic crystal phases that may also improve mechanical properties and charge
conduction.17,18
General approaches to glassy DLCs have been developed but mostly for triphenylenes.
The exchange of one ether linkage in hexaalkoxy triphenylenes by an ester group
suppresses crystallization and has been studied in great detail.19,20 Linking DLCs together
to main-chain oligomers also ensures the formation glasses but these materials could not
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be processed into larger domains of uniform alignment21 with the possible exception of
star-shaped oligomers.22 However, stable glasses are already formed by dimers of
differently substituted triphenylenes and their columnar mesophases can be uniformly
aligned.23 The examples of discotic Pcs forming anisotropic glasses upon cooling of the
preceding columnar mesophases are limited to derivatives substituted with dendrons24 and
mixtures of unsymmetrically substituted discotic Pcs.25
Applications of discotic Pcs in electronic devices not only require optimization of their
phase behaviour and alignment but also their electronic properties such as their frontier
orbital energies. Adjustment of frontier orbital energies permits control over charge
injection at electrode interfaces or between different organic semiconductors.
Electronic properties of Pcs have been studied in great detail26–28 but few studies, other
than on charge conduction, have been conducted on discotic or potentially discotic
Pcs.14,29–32 Pcs are inherently electron rich p-type semiconductors and this especially
applies to discotic Pcs because most of them are substituted with π-donating alkyl,
alkyloxy, and alkylthio groups. Electron deficient Pcs are sparse and have been prepared
by exchanging the benzene rings with N-heterocycles,28,32,33 by perfluorination of the
macrocycle and attached alkyl groups,28,34 and by the attachment of π-electron
withdrawing sulfonate groups.35 We are aware of only three types of electron deficient
discotic Pcs, two are octa-substituted with p-electron withdrawing carbonyloxy and
sulfonyl groups,29,31 and one is based on the tetrapyrazinoporphyrazine core.32
Presented here are the synthesis, mesomorphism and determination of frontier orbital
energies of discotic copper(II) phthalocyanines (Pcs) 17–27 (Scheme 3.1) as an extension
of our previous work on alkylthio- and chorine-substituted Pcs.25,36 Introduction of halide
atoms resulted in the formation of glassy hexagonal columnar mesophases (Colh) and
tetra-alkyl substitution suppressed the formation of titled columnar mesophases.
Fluorinated Pc 17 has sufficiently low lying frontier orbitals to function as an n-type
discotic material.
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Scheme 3.1. Reaction conditions: (a) 1.5 eq. RSH, Cs2CO3, dimethylimidazolidinone (DMI) or
DMF, 50 oC (2–5) or -10 oC (1); (b) 2.5 eq. RSH, Cs2CO3, DMI, 50 oC; (c) 1.4 eq. Li, pentanol,
rfl., 2h, Ar followed by 8 eq. CuAc2, HAc, 60 oC, 1 h for 18–27 or quinoline/1 eq. CuCl2/180oC for
17.

3.3. Experimental
3.3.1. Methods
UV-Vis spectra of solutions in THF (spectroscopic grade) were recorded on a Varian
Cary 50 Conc. UV-Visible Spectrophotometer. 1H NMR and

13

C NMR spectra were run

on Bruker NMR spectrometers (DRX 500 MHz, DPX 300 MHz and DPX 300 MHz with
auto-tune). Deuterated chloroform, THF, and pyridine were used as solvents and their
residual proton signals functioned as reference signals. Multiplicities of the peaks are
given as s =singlet, d = doublet, t = triplet, m = multiplet. Coupling constants for 1storder spin systems are given in Hz. Data are presented in the following order
(multiplicity, integration, coupling constant). Fourier transform infrared spectra (FTIR)
were obtained on a Bruker Vector 22. Mass spectrometry measurements were performed
by Kirk Green at the Regional Center for Mass Spectrometry and MALDI-MS data were
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obtained on a Waters/Micromass Micro MX. Some MS measurements were also run on a
Finnigan MAT 8222 (DCI), a Bruker TOF (MALDI), a ZAB2-SE-FDP (FD), and an
Applied Biosystems Voyager DE Pro MALDI-TOF with a reflector mirror (N2 laser at
337 nm). HPLC separations were performed on a Merck-Hitachi-System (L-3000 Photo
Diode Array Detector, L-6200A Intelligent Pump, T-6300 Column Thermostat, AS
2000A Autosampler) equipped with 250-4 Merck LiChrospher Si-60 (10 mm) and
LiChrospher RP-18 (5mm) columns.
Polarized light microscopy was performed on an Olympus TPM51 polarized light
microscope that is equipped with a Linkam variable temperature stage HCS410 and
digital photographic imaging system (DITO1). Calorimetric studies were performed on a
Mettler Toledo DSC 822e and thermal gravimetric analysis was performed on a Mettler
Toledo TGA SDTA 851e. Helium (99.99%) was used to purge the system at a flow rate of
60 mL min-1. Samples were held at 30 oC for 30 min before heated to 550 oC at a rate of 5
o

C min-1. All samples were run in aluminium crucibles. A Pfeiffer Vacuum

ThermostarTM mass spectrometer (1–300 amu) was attached to the TGA via a thin glass
capillary for evolved gas analysis. XRD measurements were run on a Bruker D8 Discover
diffractometer equipped with a Hi-Star area detector and GADDS software package. The
tube is operated at 40 kV and 40 mA and CuKa1 radiation (λ = 1.54187 Å) with an initial
beam diameter of 0.5 mm is used. Compound 3 was studied as self-supported bulk
material and aligned fibres. Sample detector distances were varied between 15.0 cm and
9.0 cm. A modified Instec hot & cold stage HCS 402 operated via controllers STC 200
and LN2-P (for below ambient temperatures) was used for variable temperature XRD and
IR measurements.
Electrochemical measurements were performed using a standard one-compartment, threeelectrode electrochemical cell connected to an Electrochemical Analyzer BAS 100B/W
(Bioanalytical Systems). The working electrode was a glassy carbon electrode (3 mm
diameter) and was freshly polished and ultrasonically rinsed with ethanol before each
measurement. Silver (Ag/0.1 M AgNO3 in CH3CN) and platinum wires were used as
reference and counter electrodes, respectively. Solvents were obtained from a solvent
purification system (Innovative Technology Inc. MA, USA, Pure-Solv 400) and
tetrabutylammonium perchlorate (TBAClO4) of electrochemical grade was used as
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supporting electrolyte (Aldrich). Ferrocene (Fluka) functioned as internal standard and all
measurements were conducted under dry argon. DFT calculations were performed with a
CAChe WorkSystem Pro Version 6.1 software (Fujitsu America) and with Gaussian 03
(Gaussian, Inc.: Pittsburgh, PA, 2004).
3.3.2. Synthesis
Tetrafluorobenzene-1,2-dicarbonitrile 1, 4,5-dichlorobenzene- 1,2-dicarbonitrile 2, and 4nitrobenzene-1,2-dicarbonitrile 5 are commercially available. 4,5-Dibromobenzene-1,2dicarbonitrile 3, 4,5-diiodobenzene-1,2-dicarbonitrile 4, 4-octylthio-5-chlorobenzene1,2-dicarbonitrile 7, 4,5-dioctylthio-benzene-1,2-dicarbonitrile 16, Pc 18 and Pc 27 were
synthesized following procedures described previously. 4-Octylthio-benzene-1,2dicarbonitrile 10, 4,5-dihexylthio-benzene-1,2-dicarbonitrile 14, Pc 21 and Pc 25 have
been

previously

reported

but

were

prepared

by

different

methods.

Dimethylimidazolidinone (DMI) and pentanol were dried over molecular sieve 4 Å. Li
band was sliced under Ar and used without removal of its Li oxide layer. All other
solvents, anhydrous CuCl2, Cs2CO3, and alkylthiols were used without further
purification.
4-Octylthio-3,5,6-trifluorobenzene-1,2-dicarbonitrile (6). 5.2 g (16.0 mmol) Cs2CO3 were
added to a solution of 2.33 g (15.2 mmol) octanethiol and 2.0 g (10.1 mmol) of 1 in 20
mL DMI under stirring and argon at -10 oC. The mixture was stirred for 24 h at -10 oC
and then poured into 50 mL 0.1 M aqueous HCl. The product was extracted with DCM (2
x 30 mL) and the combined DCM fractions were extracted with 10% aqueous Na2CO3
solution (2 - 50 mL), with deionized water (3 x 50 mL), and dried over MgSO4.
Evaporation of the solvent gave a yellow oil that was a mixture of the 4-octylthio- and
4,5-dioctylthio substituted products. Separation by column chromatography on RP-18
using acetonitrile as eluent yielded 6 as yellow oil in 41% yield (1.34 g). IR (as film on
KBr): ν = 2238 cm-1 (C≡N). 1H NMR (300 MHz, CDCl3): δ (ppm) = 3.13 (t, 7.5 Hz, 2H,
SCH2), 1.62 (m, 2H, CH2), 1.42 (m, 2H, CH2), 1.27 (m, 8H, CH2), 0.87 (t, 7.2 Hz, 3H,
CH3). 13C NMR (300 MHz, CDCl3): d (ppm) = 159.06 (ddd, 259/6/3 Hz, F-Carom.),
153.17 (ddd, 261/13/6.5 Hz, FCarom.), 149.09 (ddd, 266/17/3.5 Hz, F-Carom.), 125.21 (m,
arom.), 116.39 (s, CN), 109.21 (d, 11 Hz, CN), 102.91 and 100.24 (m, arom.), 34.24,
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31.73, 29.86, 29.06, 28.94, 28.37, 22.63 (CH2), 14.09 (CH3). 19F NMR (300 MHz,
CDCl3): d (ppm) = -21.01 (dd, 9/11 Hz, Farom), -37.22 (dd, 9/22 Hz, Farom), 51.27 (dd, 11/
22 Hz, Farom). MS (EI): m/z (%) = 326(19) M+, 214(10) M+-C8H16, 57(100). C16H17F3N2S
(398.31): calculated C, 58.88; H, 5.25; N, 8.58; found C, 59.10; H, 5.45; N, 8.39%.
4-Octylthio-5-bromobenzene-1,2-dicarbonitrile
dicarbonitrile

(9),

(8),

4-octylthio-5-iodobenzene-1,2-

4-octylthiobenzene-1,2-dicarbonitrile

(10),

4-pentylthio-5-

chlorobenzene-1,2-dicarbonitrile (11) and 4-pentylthiobenzene-1,2-dicarbonitrile (12).
Cs2CO3 (16.0 mmol, 5.20 g) were added to a solution of octanethiol (15.2 mmol, 2.22 g)
or pentanethiol (15.2 mmol, 1.58 g) and 10.1 mmol of 3 (2.88 g), 4 (3.84 g), or 5 (1.75 g)
in 20 mL of DMI under argon. The mixture was stirred for 2 d at 50 oC, cooled to room
temperature, and added to 50 mL 0.1 M aqueous HCl. A yellow precipitate was filtered
off, washed with 10% aqueous Na2CO3 solution (2 x 50 mL), with deionized water (3 x
50 mL), and dried in vacuum. Recrystallization from hexane gave pale yellow solids. The
crude reaction mixtures of 8, 9, and 11 also contained the dialkylthio substituted
derivatives in about 20 mol % according to

1

H NMR. Recrystallization from

diisopropylether gave fractions of 8, 9, and 11 with a content > 90 mol%, which were
further purified by column chromatography on silica gel using isopropylether–hexane as
eluent. Pure 8, 9, and 11 were isolated as pale yellow solids in 62% (2.18 g), 70% (2.82
g), and 55% (1.47g), respectively. Compounds 10 and 12 were purified by column
chromatography on silica gel using isopropylether–hexane 1 : 2 as eluent to give the pure
products as white crystalline powders in yields of 84% (2.30 g) and 89% (2.07 g),
respectively.
Compound 8: mp = 77 oC. IR (as film on KBr): ν = 2229 cm-1 (C≡N). 1H NMR (300
MHz, CDCl3): δ (ppm) = 7.89 (s, 1H, arom.), 7.40 (s, 1H, arom.), 2.99 (t, 7.4 Hz, 2H,
SCH2), 1.78 (m, 2H, CH2), 1.48 (m, 2H, CH2), 1.34–1.28 (m, 8H, CH2), 0.89 (t, 7.0 Hz,
3H, CH3).
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C NMR (300 MHz, CDCl3): δ (ppm) = 149.64 (arom.), 136.82 (arom.),

128.70 (arom.), 126.29 (arom.), 115.38 (arom.), 115.29 (arom.), 114.81 (CN), 111.28
(CN), 32.96, 32.12, 29.44, 29.41, 29.30, 27.97, 23.00 (CH2), 14.46 (CH3). MS (EI): m/z
(%) = 352(25) M+, 240(24) M+-C8H16, 112(7) C8H16+, 43(100). C16H19BrN2S (351.31):
calculated C, 54.70; H, 5.45; N, 7.97; found C, 54.59; H, 5.57; N, 7.80%.
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Compound 9: mp = 86 oC. IR (as film on KBr): ν = 2230 cm-1 (C≡N). 1H NMR (300
MHz, CDCl3): δ (ppm) = 8.13 (s, 1H, arom.), 7.33 (s, 1H, arom.), 2.99 (t, 7.3 Hz, 2H,
SCH2), 1.79 (m, 2H, CH2), 1.51 (m, 2H, CH2), 1.35–1.28 (m, 8H, CH2), 0.89 (t, 6.7 Hz,
3H, CH3). 13C NMR (300 MHz, CDCl3): δ (ppm) = 152.96 (arom.), 143.29 (arom.),
127.58 (arom.), 115.95 (arom.), 115.58 (arom.), 114.63 (CN), 111.08 (CN), 101.82 (ICarom), 34.24, 32.12, 29.44, 29.42, 29.33, 27.89, 23.01 (CH2), 14.48 (CH3). MS (EI):
m/z (%) = 398(66) M+, 286(49) M+-C8H16, 112(8) C8H16+, 43(100). C16H19IN2S (398.31):
calculated C, 48.25; H, 4.81; N, 7.03; found C, 48.43; H, 5.06; N, 6.86%.
Compound 10: mp = 36 oC. IR (as film on KBr): ν = 2228 cm-1 (C≡N). 1H NMR (300
MHz, CDCl3): δ (ppm) = 7.63 (d, 8.3 Hz, 1H, arom.), 7.55 (d, 2.0 Hz, 1H, arom.), 7.48
(dd, 8.3, 2.0 Hz, 1H, arom.), 3.00 (t, 7.3 Hz, 2H, SCH2), 1.72 (m, 2H, CH2), 1.46 (m, 2H,
CH2), 1.32–1.28 (m, 8H, CH2), 0.89 (t, 6.7 Hz, 3H, CH3). 13C NMR (300 MHz, CDCl3):
δ (ppm) = 147.92 (arom.), 133.53 (arom.), 130.33 (arom.), 130.21 (arom.), 116.63
(arom.), 115.96 (arom.), 115.59 (CN), 111.01 (CN), 32.26, 32.12, 29.47, 29.40, 29.19,
28.55, 23.00 (CH2), 14.46 (CH3). MS (EI): m/z (%) = 272(100) M+, 160(53) M+-C8H16.
Compound 11: mp = 135 oC. IR (as film on KBr): ν = 2229 cm-1 (C≡N). 1H NMR (300
MHz, CDCl3): δ (ppm) = 7.70 (s, 1H, arom.), 7.45 (s, 1H, arom.), 2.99 (t, 8.4 Hz, 2H,
SCH2), 1.78 (m, 2H, CH2), 1.58–1.31 (m, 4H, CH2), 0.94 (t, 7.5 Hz, 3H, CH3). 13C NMR
(300 MHz, CDCl3): δ (ppm) = 147.3 (arom.), 136.0 (arom.), 133.1 (arom.), 128.6 (arom.),
114.8 (arom.), 114.5 (arom.), 114.4 (CN), 110.9 (CN), 31.9, 30.9, 27.3, 22.1 (CH2), 13.8
(CH3). C13H13ClN2S (264.78): calculated C, 58.97; H, 4.95; N, 10.58; found C, 59.09; H,
5.17; N, 10.36%.
Compound 12: mp = 53 oC. IR (as film on KBr): ν = 2228 cm-1 (C≡N). 1H NMR (300
MHz, CDCl3): δ (ppm) = 7.64 (d, 8.1 Hz, 1H, arom.), 7.55 (d, 1.8 Hz, 1H, arom.), 7.46
(dd, 8.1 Hz, 1.9 Hz, 1H, arom.), 3.01 (t, 7.0 Hz, 2H, SCH2), 1.73 (m, 2H, CH2), 1.49–
1.35 (m, 4H, CH2), 0.93 (t, 7.2 Hz, 3H, CH3).

13

C NMR (500 MHz, CDCl3): δ (ppm) =

147.6 (arom.), 133.2 (arom.), 130.1 (arom.), 129.9 (arom.), 116.3 (arom.), 115.6 (arom.),
115.2 (CN), 110.7 (CN), 31.9 (CH2), 30.9 (CH2), 27.9 (CH2), 22.2 (CH2), 13.9 (CH3). MS
(EI): m/z (%) = 230(100) M+, 160(41) M+-C5H10. C13H14N2S (230.33): calculated C,
58.97; H, 4.95; N, 10.58; found C, 58.81; H, 4.99; N, 10.44%.
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4,5-Dipentylthio-benzene-1,2-dicarbonitrile

(13),

4,5-dihexylthio-benzene-1,2-

dicarbonitrile (14), 4,5-diheptylthio-benzene- 1,2-dicarbonitrile (15). Cs2CO3 (25.0 mmol,
8.13 g) was added to a solution of alkylthiol (25.0 mmol) and 2 (10.1 mmol, 2.00 g) in 20
mL of DMI under argon. The mixture was stirred for 2 d at 50 oC, cooled to room
temperature, and added to 50 mL 0.1 M aqueous HCl. A yellow precipitate was filtered
off, washed with 10% aqueous Na2CO3 solution (2 x 50 mL), with deionized water (3 x
50 mL), and dried in vacuum. Recrystallization from hexane gave pale yellow solids. The
crude reaction mixtures of 13, 14, and 15 were purified by column chromatography on
silica gel using isopropylether–hexane mixtures as eluent. Compounds 13, 14, and 15
were obtained as pale yellow solids in yields of 58% (1.95 g), 64% (2.33 g), and 67%
(2.63 g), respectively.
Compound 13: mp = 67 oC. IR (as film on KBr): ν = 2229 cm-1 (C≡N). 1H NMR (300
MHz, CDCl3): δ (ppm) = 7.40 (s, 2H, arom.), 3.01 (t, 7.2 Hz, 4H, SCH2), 1.75 (m, 4H,
CH2), 1.5–1.3 (m, 8H, CH2), 0.92 (t, 7.1 Hz, 6H, CH3). 13C NMR (300 MHz, CDCl3): δ
(ppm) = 144.3 (arom.), 128.2 (arom.), 115.8 (arom.), 111.2 (CN), 32.8, 31.1, 27.9, 22.3,
14.0 (CH3). C18H24N2S2 (332.53): calculated C, 65.02; H, 7.27; N, 8.42; found C, 65.09;
H, 7.34; N, 8.36%.
Compound 14: mp = 71 oC. IR (as film on KBr): ν = 2228 cm-1 (C≡N). 1H NMR (300
MHz, CDCl3): δ (ppm)

=

7.40 (s, 2H, arom.), 3.01 (t, 7.2 Hz, 4H, SCH2), 1.74 (m, 4H,

CH2), 1.48 (m, 4H, CH2), 1.3–1.2 (m, 8H, CH2), 0.89 (t, 6.9 Hz, 6H, CH3). 13C NMR (300
MHz, CDCl3): δ (ppm) = 144.3 (arom.), 128.2 (arom.), 115.8 (arom.), 111.1 (CN), 32.8,
31.4, 28.7, 28.1, 22.6, 14.1 (CH3).
Compound 15: mp = 61 oC. IR (as film on KBr): ν = 2229 cm-1 (C≡N). 1H NMR (300
MHz, CDCl3): δ (ppm) = 7.40 (s, 2H, arom.), 3.01 (t, 7.2 Hz, 4H, SCH2), 1.74 (m, 4H,
CH2), 1.48 (m, 4H, CH2), 1.29 (m, 12H, CH2), 0.89 (t, 7.0 Hz, 6H, CH3). 13C NMR (300
MHz, CDCl3): δ (ppm) = 144.3 (arom.), 128.2 (arom.), 115.8 (arom.), 111.1 (CN), 32.8,
31.7, 29.0, 28.9, 28.2, 22.7, 14.2 (CH3). C22H32N2S (388.63): calculated C, 67.99; H,
8.30; N, 7.21; found C, 68.10; H, 8.39; N, 7.16%.
Preparation of copper(II)-2,9,16,23 (and 2,10,17,24; 2,10,16,24; 2,9,17,24)-tetraoctylthio1,3,4,8,10,11,15,17,18,22,24,25

(and

1,3,4,8,9,11,15,16,18,22,23,25;
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1,3,4,8,9,11,15,17,18,22,23,25;

1,3,4,8,10,11,15,16,18,22,23,25)-

dodecafluorophthalocyaninato (17). Compound 6 (1.8 mmol, 600 mg), anhydrous CuCl2
(1.8 mmol, 247 mg) and quinoline (3 mL filtered through activated Al2O3) were added
into a glass tube in a glove box. The glass tube was removed from the glove box, flame
sealed, and heated to 180 oC for 20 h. The reaction mixture was suspended in toluene (15
mL), extracted with 0.01M HCl (4 x 10 mL), washed with water and dried over MgSO4.
The crude product was further purified by column chromatography on silica gel with
toluene as solvent. The toluene fraction containing the product was concentrated and 11
was precipitated out by the addition of acetone to yield 150 mg (0.11 mmol, 24%)
Compound 17: IR (as film on KBr): ν = 1600 cm-1 (C=Carom.). MS (MALDI-TOF,
sinapinic acid, positive): m/z = 1367 M+. C64H68N8S4F12Cu (1369.07): calculated C,
56.15; H, 5.01; N, 8.18; found C, 56.47; H, 5.18; N, 7.96%.
General synthetic procedure for the preparation of copper(II)- 2,9,16,23 (and 2,10,17,24;
2,10,16,24; 2,9,17,24)-tetrabromo- 3,10,17,24 (and 3,9,16,23; 3,9,17,23; 3,10,16,23)tetraoctylthiophthalocyaninato (19), copper(II)-2,9,16,23 (and 2,10,17,24; 2,10,16,24;
2,9,17,24)-tetraiodo-3,10,17,24

(and

3,9,16,23;

3,9,17,23;

3,10,16,23)

tetraoctylthiophthalocyaninato (20), copper(II)-2,9,16,23 (and 2,10,17,24; 2,10,16,24;
2,9,17,24)-tetraoctylthiophthalocyaninato (21), copper(II)-2,9,16,23 (and 2,10,17,24;
2,10,16,24; 2,9,17,24)-tetrachloro-3,10,17,24 (and 3,9,16,23; 3,9,17,23; 3,10,16,23)
tetrapentylthiophthalocyaninato

(22),

and

copper(II)-2,9,16,23

(and

2,10,17,24;

2,10,16,24; 2,9,17,24) tetrapentylthiophthalocyaninato(23). Compounds 8, 9, 10, 11 or 12
(2.0 mmol) were dissolved in 20 cm3 of dry 1-pentanol and heated to reflux under argon.
Lithium (2.88 mmol, 20 mg) was added to the stirred solutions and the reactions were
kept under reflux for 2 h and then cooled to 60 oC. 30 cm3 of acetic acid were added and
the dark solutions were stirred for 1 h at 60 oC. The suspensions were cooled to 4 oC and
the precipitated metal-free
Pcs were filtered off. The obtained crude Pcs were metallated in a solution of copper(II)
acetate (about 6 mmol) in THF at 50 oC for about 5 h. Progress of the metallation was
monitored by UV-Vis spectroscopy. Addition of methanol at rt precipitated the copper
Pcs and they were again precipitated from diethoxymethane solution by the addition of
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acetone. Silica gel flash chromatography using toluene–n-hexane mixtures as eluent
yielded 19, 20, 21, 22, and 23 in 54% (396 mg), 48% (398 mg), 62% (357 mg), 55% (308
mg), and 66% (325 mg), respectively.
Compound 19: IR (as film on KBr): ν = 1598 cm-1 (C=Carom.). MS (MALDI-TOF,
sinapinic acid, positive): m/z = 1468 M+. C64H76N8S4Br4Cu (1468.79): calculated C,
52.34; H, 5.22; N, 7.63; found C, 52.70; H, 5.28; N, 7.51%.
Compound 20: IR (as film on KBr): ν = 1596 cm-1 (C=Carom.). MS (MALDI-TOF,
sinapinic acid, positive): m/z = 1656 M+. C64H76N8S4l4Cu (1656.79): calculated C, 46.40;
H, 4.62; N, 6.76; found C, 46.54; H, 4.80; N, 6.59%.
Compound 21: IR (as film on KBr): ν = 1602 cm-1 (C=Carom.). MS (MALDI-TOF,
sinapinic acid, positive): m/z = 1153 M+. C64H80N8S4Cu (1153.21): calculated C, 66.66;
H, 6.99; N, 9.72; found C, 67.03; H, 7.08; N, 9.55%.
Compound 22: IR (as film on KBr): ν = 1598 cm-1 (C=Carom.). MS (MALDI-TOF,
sinapinic acid, positive): m/z = 1122 M+. C52H52Cl4N8S4Cu (1122.64): calculated C,
55.63; H, 4.67; N, 9.98; found C, 55.79; H, 4.82; N, 9.71%.
Compound 23: IR (as film on KBr): ν = 1601 cm-1 (C=Carom.). MS (MALDI-TOF,
sinapinic acid, positive): m/z = 984M+. C52H56N8S4Cu (984.86): calculated C, 66.66; H,
6.99; N, 9.72; found C, 67.03; H, 7.08; N, 9.55%.
General synthetic procedure for the preparation of copper(II)- 2,3,9,10,16,17,23,24octapentylthiophthalocyaninato

(24),

copper(II)-2,3,9,10,16,17,23,24-

octahexylthiophthalocyaninato

(25),

copper(II)-2,3,9,10,16,17,23,24-

octaheptylthiophthalocyaninato (26). Lithium (28.8 mmol, 200 mg) was added to 1octanol (5 mL) and stirred under Ar at 90 oC for 12 h to ensure a complete conversion of
lithium octanolate. Compound 13, 14, or 15 (1.0 mmol) was added to these slurries and
stirred at 90 oC for 3 d. Acetic acid (10 mL) was added in portions to the reaction
mixtures at 60 oC and the obtained suspensions were cooled to 4 oC. The precipitated
metal-free Pcs were filtered off, re-dissolved in THF (10 mL) and metallated with
copper(II) acetate (about 4 mmol) at 50 oC. Metallation was monitored by UV-Vis
spectroscopy and completed after 4–5 h. Addition of methanol precipitated the crude
copper Pcs that were further purified by silica gel flash chromatography using toluene–n103

hexane 8 : 2 as eluent. Pcs 24, 25, and 26 were obtained in 70% (243 mg), 66% (248 mg),
and 69% (279 mg) yield.
Compound 24: IR (as film on KBr): ν = 1599 cm-1 (C=Carom.). MS (MALDI-TOF,
sinapinic acid, positive): m/z = 1391M+. C72H96N8S8Cu (1393.65): calculated C, 62.05; H,
6.94; N, 8.04; found C, 62.30; H, 7.18; N, 7.79%.
Compound 25: IR (as film on KBr): ν = 1600 cm-1 (C=Carom.). MS (MALDI-TOF,
sinapinic acid, positive): m/z = 1504M+. C80H112N8S8Cu (1505.86): calculated C, 63.81;
H, 7.50; N, 7.44; found C, 64.00; H, 7.68; N, 7.21%.
Compound 26: IR (as film on KBr): ν = 1598 cm-1 (C=Carom.). MS (MALDI-TOF,
sinapinic acid, positive): m/z = 1616M+. C88H128N8S8Cu (1618.08): calculated C, 65.32;
H, 7.97; N, 6.93; found C, 65.54; H, 8.08; N, 6.73%.

3.4. Results and discussion
3.4.1. Synthesis
Pcs 17–27 were synthesized according to Scheme 3.1. Starting materials 1, 2, and 5 are
commercially available; phthalodinitriles 3 and 4 were prepared following literature
procedures.37 Phthalodinitriles 7–14 were obtained from 2–5 by nucleophilic substitutions
with alkylthiols at 50 oC in the presence of Cs2CO3. About 10% higher yields were
obtained with dimethylimidazolidinone as solvent when compared to DMF under the
same conditions. Mono-substituted phthalodinitriles 7–9 and 11 were obtained as
mixtures with di-substituted phthalodinitriles and were separated by fractionated
crystallization and column chromatography. All other mono-and di-substituted
phthalodinitriles 10 and 12–16 did not contain mixtures of side products and were
purified by column chromatography. Subsequent cyclization of 7–16 using the
established lithium pentanolate procedure38,39 gave the corresponding Pcs 18–27 in fair
yields of 50–60%. Pcs 24–27 were also prepared in the presence of a large excess of
lithium octanolate at 80–90 oC, which increased the yield by up to 10% in comparison to
the lithium pentanolate procedure but require a reaction time of 3 d instead of 2 h.
Compounds 7, 10, 14, 16, 18, 21, 25 and 27 have been previously synthesized.25,40–43
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Altered conditions were required for the preparation of Pc 17; 1 was substituted at -10 oC
to ensure the regioselective substitution at the 4 and 5 positions to give a mixture of
monosubstituted phthalodinitrile 6 and di-substituted phthalodinitrile that was separated
by column chromatography. The 1,2,4- substitution pattern of 6 was confirmed by 19F and
13

C NMR spectroscopy. Cyclization of 6 in lithium pentanolate produced a mixture of Pcs

containing octylthio and pentyloxy groups suggesting that fluorine atoms were substituted
by pentanolate groups under these conditions. The amenability of fluorine atoms of
perfluoro Pcs to nucleophilic substitution has been demonstrated previously.44 Pc 17 was
prepared from 6 in a mixture of quinoline and anhydrous CuCl2 at 180 oC in 24% yield.
All Pcs were characterized by UV-Vis and IR spectroscopy as well as by MALDI-MS
and elemental analysis. The results agreed with the theoretically expected values and in
the case of Pcs 18,25 21,40 25,42 and 27,25 41 also with reported values. It is assumed that
Pcs 17–23 were formed as statistical mixtures of four regioisomers but all attempts to
verify this by NMR measurements on metal-free precursors were not successful due to
strong aggregation even in solvents such as pyridine and interfering solvent peaks in the
aromatic range. Equally unsuccessful were attempts to separate the isomers of Pc 18 by
HPLC on silica and mixtures of toluene and pyridine as solvent. Some less aggregating
tetra-substituted Pcs have been studied in more detail and, with few specific
exceptions,45 occurred as statistical mixtures of regioisomers (12.5% C4h-, 25% C2v-,
50% Cs-, and 12.5% D2h-isomer).39,46
3.4.2. Mesomorphism
All eleven Pcs 17–27 display thermotropic columnar mesomorphism as well as lyotropic
mesomorphism in organic solvents. Their thermotropic mesomorphism was studied by
polarized optical microscopy (POM), thermal gravimetric analysis (TGA), differential
scanning calorimetry (DSC), and variable temperature X-ray diffraction (XRD) and is
summarized in Figure 3.1. Their lyotropic mesomorphism is not presented here but has
previously been reported for Pcs 18 and 27 as well as related compounds.25,36 Variable
temperature POM measurements revealed no changes to the birefringent textures upon
heating from 20 oC to temperatures above 300 oC with the exception of melting
transitions for Pcs 17, 24, 26 and 27. Optically visible decomposition sets in at about 320
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C for all Pcs but Pc 17 that already decomposes at about 250 oC. Consequently, no

natural defect textures could be obtained but areas with fan-shaped textures were
observed for all eleven Pcs and are characteristic of columnar discotic mesophases. Pcs
18, 19, and 20 show a sudden decrease in viscosity at 80–100 oC upon heating but these
events do not coincide with their glass transitions determined by DSC, which occur at
much lower temperatures. What is observed by DSC are slopes in the baseline between
60 and 130 oC that may be caused by weak and broad 2nd order transitions.
Decomposition temperatures were independently determined by TGA in He at a heating
rate of 2 oC min-1. The first main weight loss occurs at temperatures between 290 oC and
310 oC for Pcs 18–27 but the onset of weight loss, defined as loss of 0.2 wt%, is at much
lower temperatures of 250 oC to 260 oC. Cleavage of the S–alkyl bond is proposed as the
first thermal decomposition step because typical fragment ions of aliphatic chains and no
halides were observed by simultaneous EI-MS analysis of the evolved gases. Cleavage of
the S–alkyl bond is also the primary fragmentation in CI-MS.25 The onset of weight loss
of Pc 17 is at 200 oC, which suggests that the S–alkyl bond is easily cleaved in 17
presumably because of the electron withdrawing fluorine atoms.
DSC measurements revealed glass transitions for Pcs 18–20 and 22 while Pcs 17, 21, and
23–27 showed melting transitions (Figure 3.1 and 3.2). The melting transitions of 17, 21
and 23 are broad and crystallization is suppressed at cooling rates of 5 oC min-1 or faster
but proceeds for 17 within several hours at 25 oC. Broad humps and slopes in the
baselines of the DSC curves of Pcs 18–22 suggest additional thermal transitions between
60 oC and 130 oC that coincide with a decrease in viscosity observed by POM. However,
no coinciding changes are observed in the variable temperature XRD patterns other than
the typical small shifts in d-spacings with temperature.
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Figure 3.1. Phase behaviour of Pcs 17–27. Listed are onset temperatures in oC (DH in kJ mol-1)
and mid-points of glass transitions measured by DSC at 5 oC min-1 and 10 oC min-1, respectively.
Approximate decomposition temperatures are given as onset of weight loss (-0.2 wt%) measured
by TGA at 2 oC min-1.

Figure 3.2. DSC curves of Pcs 17–21 on heating at 10 oC min-1 (Tg = glass transition; Tm =
melting transition). The curves were shifted for clarity.
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Unusually strong is the odd–even effect observed for the reversible melting temperatures
of Pcs 24–27. Pcs 24 and 26 with odd numbered hydrocarbon chains melt at almost 100
o

C higher temperatures than their even numbered counterparts. We note that Pc 27 melts

at a much higher temperature of 74 oC (onset) in its first heating run and that Pcs 24–26
show several weak crystal– crystal transitions that indicate rich crystalline polymorphism.
Interestingly, no systematic odd–even effect was detected in metal-free and copper (II)
octa-alkoxy substituted Pcs.10,47 Phase assignments given in Figure 3.1 are based on
variable temperature XRD analysis. Isomer mixtures of Pcs 17–23 containing four
alkylthio groups all display hexagonal columnar mesophases (Table 3.1 and Figure 3.3).
Diffraction patterns of Pcs 17, 21 and 23 contained the (11) and (20) reflections in
addition to the intense fundamental (10) reflection, which unambiguously identifies a 2D
hexagonal symmetry of the columnar packing. Pcs 18–21 only show the (10) reflection
and their hexagonal packing was verified by 2D XRD measurements along the columnar
axis of shear aligned films that revealed the characteristic hexagonal pattern (Figure
3.4b).48

Table 3.1. Mesophases and parameters determined by XRD. Tables of all reflections are provided
in the ESI
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Figure 3.3. 1D-XRD diffraction patterns of Pcs 17–21 and 26 at 25 oC. The patterns were shifted
for clarity.

Figure 3.4. (a) 2D XRD pattern of Pc 20 orthogonal to the aligned columnar stacks; arrow marks
the broad reflection at about 2θ = 12o. (b) 2D XRD pattern of Pc 18 along the (partially) aligned
columnar stacks.
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Other common reflections observed in the diffraction patterns of Pcs 17–27 are a broad
halo at 2θ = 19–24o, indicative of an amorphous packing of aliphatic side chains, and a
reflection of the intracolumnar π−π stacking at 2θ = 25–27o. The reflection of the
intracolumnar π–π stacking is intense for tetra-alkylthio substituted Pcs 17–23 but weak
and broad for octa alkylthio substituted Pcs 24–27, which implies that Pcs 17–23 have a
much higher intracolumnar stacking order than Pcs 24–27. Tetraalkylthio substituted Pcs
also show shorter stacking distances by up to 0.3 Å than octa-alkylthio substituted Pcs.
The halo of the aliphatic side chains is unusually narrow for Pc 17 at temperatures below
its broad melting transition. This narrowing suggests that partial crystallization of the side
chains occurs and verifies that the phase transition detected by DSC is indeed that of
partially melting/crystallizing side chains. Consequently, the low temperature Colh phase
of Pc 17 is labeled Colh,cryst in contrast to the fully crystalline tilted columnar phases of
Pcs 21 and 24–27. The restricted crystallization of the side chains in Pc 17 is likely the
reason why 17 does not adopt a tilted columnar phase typical for most crystalline phases
of discotic Pcs.8,6,49
Diffraction patterns of Pcs 18–20 and 22 contain an additional broad reflection (halo) at
about 2θ = 12o that increases in intensity with increasing size of the attached halide atoms
and is absent in Pcs 21 and 23. 2D XRD of an aligned sample of Pc 20 reveals that this
reflection aligns with the lattice of the 2D hexagonal columnar phase (Figure 3.4a).
Consequently, this reflection likely originates from a periodic lateral (intercolumnar)
packing of halide atoms. This periodic packing must be exclusively intermolecular in
nature because the spacing of 7–8 Å does not match any distances between halide atoms
within one molecule of Pcs 18–20 and 22.
Both intercolumnar and intracolumnar packing distances are affected by the different
halide atoms in Pcs 17–20 as indicated by the shifting maxima of the (10) and (001)
reflections in Figure 3.3. Unexpectedly, the lattice constant ‘‘a’’ decreases from 26 Å to
24 Å to 22 Å when the size of the halide atoms was increased from F to Cl to Br,
respectively, and then increased again to 25 Å and 26 Å for substituents I and H in Pcs 20
and 21, respectively.
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The intracolumnar stacking distance slightly increases with increasing size of halide
atoms from 3.30 Å in 17 to 3.41 Å in 20 and is 3.36 Å in 21. The increase in stacking
distance of 0.1 Å between Pcs 17 and 20 is much smaller than the difference in van der
Waals radii between F and I of 0.51 Å.50 This discrepancy is likely a result of differences
in average mutual rotation angle between stacked Pc cores although contributions of
electronic differences that alter π–π interactions cannot be excluded. Differences in
average mutual rotation angle may also be the reason for the unexpected changes in
intercolumnar spacing whereas the observed small differences in stacking distance should
only have a marginal effect on the intercolumnar spacing.
Diffraction patterns of octa-alkylthio substituted Pcs 24–27 confirm the formation of
conventional crystal phases as well as rectangular columnar mesophases for Pcs 24–2651
and a hexagonal columnar mesophase for Pc 27. The Patterson symmetry of the Colrd
phases of 25 and 26 is likely c2mm, all observed reflections obey h + k = 2n, while the
symmetry of 24 is p2gg because of the presence of a (43) reflection (h + k ≠ 2n).
Octaalkylthio Pcs with longer alkyl chains than octyl have been reported to all form
hexagonal columnar mesophases.52 A change from Colh to Colrd mesophases with
decreasing length of aliphatic chains is common in discotic Pcs5,8,53,54 and other discotic
liquid crystals.55 The high propensity of CuPc to form tilted columnar stacks may be
reasoned with the formation of axial Cu–N interactions between adjacent macrocycles.49
In contrast, shortening of octyl to pentyl chains in tetraalkylthio substituted Pcs 22 and 23
does not induce a tilted columnar mesophase. A change from octa- to tetra-alkylthio
substitution and likely the presence of a mixture of four isomers are responsible for the
suppression of the formation of tilted columnar mesophases, but the presence of halide
atoms is not required. Suppression of crystallization in Pcs 18–20, on the other hand, is
specific to the presence of halide atoms because Pcs 21 and 23, that do not contain halide
atoms but also are mixtures of four isomers, do crystallize.
Glass formation in DLCs is associated with restricted rotation of the discotic molecules
about their stacking axis19,56 and this model is used here for reasoning the observed
‘‘halide-effect’’. The activation energy for rotation about the stacking axis should
increase with increasing size (van der Waals radius) of the halide atoms and rotational
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barriers in Pcs 18–20 are apparently sufficiently high to freeze in molecular motion
before crystallization occurs. The observed short stacking distances and the increase in
glass transition temperatures with increasing size of halide atoms are consistent with this
model. Specific halide–halide interactions may also add to the rotational barrier and have
been used in crystal engineering.57
However, present models propose 90o and 180o angles between two interacting halide-C
groups as ideal geometry,58 which excludes intracolumnar and suggests intercolumnar
halide– halide interactions as contributors to the rotational barrier. In fact, the broad
reflection at about 7–8 Å observed in the XRD patterns of Pcs 18–20 may be a result of
periodic packing due to intercolumnar halide–halide interactions. A conclusive analysis,
however, requires more detailed experimental and theoretical studies that are beyond the
scope of this work.
Other examples of ‘‘halide effects’’ in DLCs include the promotion of mesomorphism in
discotic triphenylene derivatives. Tribromo-trialkoxy triphenylene displays a hexagonal
columnar mesophase whereas the non-brominated trialkoxy triphenylene is not
mesomorphic.59 However, no glass transitions but crystallizations have been reported for
the more fluid and less tightly stacked columnar mesophases of tribromo-trialkoxy and
tribromo-trialkylthio triphenylenes.35
3.4.3. Electronic properties
Pcs 17–21, 26 and reference compound perfluoro phthalocyaninato copper (28 in Figure
3.5) were studied by cyclic voltammetry (CV), UV-Vis spectroscopy and quantum
chemical calculations at the DFT level of theory to determine their frontier orbital
energies and the contributions of the macrocycles to the frontier orbitals. All Pcs were
measured in CH2Cl2 solution at concentrations of 2–6 x 10-5 M and compounds 19 and 26
were also run in pyridine to test for aggregation effects. Tetrabutylammonium perchlorate
(TBAP) at a concentration of 0.1 M was added as the supportive electrolyte in all
measurements.
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Figure 3.5. Cyclic voltammograms of Pcs 17 (solid line), 18 (dashed line) and 21 (dash doted
line) in 0.1 M TBAP–CH2Cl2 solution vs. Ag/Ag+.

Table 3.2. Half-wave potentials (E1/2, V vs. Ag/AgCl) of Pcs determined by cyclic voltammetry in
CH2Cl2 solution (2–6 x10-5 M, 0.1 M TBAP, glassy carbon working electrode, scan rate of 0.100
Vs-1)
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Pcs 17–21 and 26 in CH2Cl2 solution show one quasi-reversible oxidation and two quasireversible one-electron reductions in the covered electrochemical window of -2.0 V to 2.0
V (Table 3.2 and Figure 3.5). Pc 28 was quasi-reversibly oxidized but the 1st and 2nd
reduction peaks are too weak and broad to be determined with certainty presumably
because of low solubility and strong aggregation. A value of -0.1 V (vs. Ag/AgCl) was
reported in the literature for the 1st reduction potential but no experimental details were
given.60
The quasi-reversible character of the redox processes was confirmed by a constant
increase of ∆Ep with increasing scan rates and a ∆Ep larger than 0.059 V (approximately
0.100 V) at a scan rate of 0.100 V s-1.61 The peak currents increased linearly as a function
of the square root of scan rates (Ip/ν1/2) for scan rates ranging from 0.050–0.500 V s-1,
indicating that the electrode reactions are merely diffusion-controlled for all redox
processes. A diffusion-controlled mass transfer mechanism is also supported by the fact
that peak current ratios (Ipc/Ipa) for all processes are approximately unity and do not vary
considerably with scan rates.
Pcs 18–20 and 26 have similar redox potentials while 21 is easily oxidized and more
difficult to reduce by about 0.1 V. Pc 17 is significantly more electron deficient,
manifested by a +0.5 V shift of the oxidation and reduction potentials in comparison to
26. In contrast, the energy gap between oxidation and reduction potentials is practically
constant for all measured compounds with values between 1.84 V and 1.89 V.
Frontier orbital energies of the air stable n-type semiconductor Pc 28 were determined by
CV and optical gap measurements in solution and are in good agreement with values
obtained by other techniques.62,63 The oxidation potential of discotic Pc 17 is shifted by 0.38 V in comparison to Pc 28, which makes Pc 17 a borderline case n-type
semiconductor with regard to air stability.60,64
A comparison of the reduction potential of Pc 17 (-0.34 V vs. SCE vs. Ag/AgCl + 0.045)
with reported 1st reduction potentials of electron deficient octa-carbonyloxy and octaalkylsulfonyl substituted discotic Pcs 31 and octa(dodecyl)tetrapyrazinoporphyrazines32 (0.45 V, -0.14 V and -0.41 to -0.55 V vs. SCE, respectively) places Pc 17 second of the
four. However, replacement of the thioether groups of Pc 17 by p-electron withdrawing
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groups (e.g. by oxidation of the thioether to alkylsulfonyl groups) should generate a
derivative that is more electron deficient than Pc 28.
Exchange of four SR groups by I, Br, and Cl (e.g. conversion of Pc 27 to Pcs 18–20)
exerts only minor changes on the redox potentials despite the differences in
electronegativity between S, I, Br, and Cl. A small systematic change is observed for their
oxidation potentials that increase from 0.85 Vto 1.06 V in the order 21 < 26 < 20 < 19 <
18. The large shifts in redox potentials observed for the fluorinated Pcs 17 and 28 are
mainly generated by the additional F-atoms in 1,4-positions. Comparative DFT
calculations on Pc 31 (Figure 3.6), the fluorinated analogue of Pc 18, predict no
significant difference in frontier orbital energies between the two.
Optical HOMO–LUMO gaps were measured by UV-Vis spectroscopy in pyridine
solution. A small but systematic increase of the gap from 1.67 eV to 1.77 eV in the order
26 < 17 < 18 < 19 < 20 < 21 < 28 was determined. Pyridine was used because solutions
that are optically free of aggregates can be obtained at concentrations between 10-5 M and
10-6 M whereas solutions of Pcs 17–21 in CH2Cl2 show aggregation at concentrations
below 10-6 M. This raises the question whether aggregation altered the redox potentials in
the higher concentrated CH2Cl2 solutions used for CV.
Comparative CV measurements on weakly and strongly aggregating Pcs 26 and 19,
respectively, were conducted in pyridine (5–6 x 10-5 M solutions) to investigate
aggregation effects (Table 3.2). Both pyridine solutions were optically free of aggregates
and the first reduction potentials of 26 and 19 both shifted by + 0.120 V in comparison to
the values obtained in CH2Cl2. This confirms that differences in aggregation did not affect
the measured redox potentials because 26 was not aggregated and 19 was strongly
aggregated in the CH2Cl2 solution used for CV. A positive shift of the redox potentials is
expected for a change to the donor solvent pyridine65 although negative shifts have been
reported when pyridine strongly coordinates to the central metal ion of a Pc such as Al.66
CV measurements on copper (II) Pcs are generally not much affected by aggregation67
but CV curves of Pcs containing other metal ions may show large changes due to
aggregation, such as the splitting of the first reduction wave into two waves.68

115

Previous investigations on copper (II) Pcs also established that oxidations and reductions
occur solely on the macrocycle and not the copper ion.27
Density functional theory (DFT) calculations were performed to gain more insight into
the electronic properties. The hybrid density functional UB3LYP69 with LANL2DZ70
basis set was chosen for both geometry and property calculations in vacuum because they
have been successfully employed in calculations on other copper(II) Pcs.71 Alkyl groups
of Pcs 17–21 and 26 were replaced by methyl groups for DFT calculations to reduce
computation time. The statistically preferred Cs-isomer (50%) was chosen for
calculations on Pcs 17–21 and 31 that consist of four different isomers. Comparative
calculations on all four isomers of 18 determined a maximum variation in frontier orbital
energies of 0.3 eV and in HOMO–LUMO gap of 0.13 eV. Calculated frontier orbital
energies of the Cs- and D2h-isomers were 0.2 to 0.3 eV lower than for isomers with C4h
and C2v symmetry.
A comparison of HOMO and LUMO energies obtained by CV and DFT calculations is
given in Figure 3.6. Relative changes of EHOMO and ELUMO are in good agreement with the
values determined by CV, except for 21, while the absolute values of measured and
calculated frontier orbital energies expectedly differ by up to 0.6 eV. Calculated orbital
energies were generally lower than the experimental values and differed more for EHOMO
than for ELUMO. No optimization was attempted, e.g. by including solvent interactions,
because our interest is the prediction of relative changes.
Values of optical, electrochemical and calculated HOMO–LUMO gaps are compared in
Figure 3.7. Relative changes were in good agreement for all three methods except for
compounds 21 and 26. Calculations predict a decrease in gap for 21 in comparison to 20
but this was not observed experimentally. For compound 26 calculated and
electrochemically measured gaps are both slightly larger than for 20 but the optical gap is
significantly lower. The HOMO–LUMO gap of the pigment Pc 32 was determined on
solid films by UV-Vis spectroscopy and by ultraviolet photoemission spectroscopy (UPS)
and are expected to be lower than values in solution.72
All calculated HOMO–LUMO gaps are about 0.2–0.3 eV higher than the values obtained
by CV and the optical gaps are about 0.2 eV below the electrochemical values. A
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difference between calculated and experimental values was expected as outlined above
and the difference between electrochemical and optical values is in part a solvent effect
because the former were determined in pyridine and the latter in CH2Cl2. A difference in
optical and electrochemical HOMO–LUMO gaps of only 0.02 eV was obtained for Pc 26
when both measurements were conducted in CH2Cl2.
Calculations of orbital energies for Pcs 18 and 31 predict a small difference in energies
between the tetra-chlorinated and tetra-fluorinated derivatives as stated earlier.
Differences in frontier orbital energies between halide substitution in 2,3- and 1,4positions were studied by comparing octa-fluorinated 2,3-subsituted Pc 29 with 1,4subsituted Pc 30. The calculated frontier orbital energies of Pc 29 are in excellent
agreement with experimental values63 and a larger HOMO–LUMO gap but lower frontier
orbital energies are predicted for Pc 29 in comparison to Pc 30. This result agrees with
comparative optical measurements on other 2,3- and 1,4-substituted Pcs that revealed
always larger gaps for 2,3-susbtituted Pcs.73
DFT calculations also reveal that the macrocycle and not the substituents predominantly
contributes to the HOMO and LUMO orbitals in Pcs 17–31, which is important for
charge conduction along discotic columnar stacks because the transfer integral is less
affected by the mutual rotation of stacked macrocycles.3,53
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Figure 3.6. Comparison of EHOMO and ELUMO of Pcs 17–21, 26, 28, and 32 determined by CV in
CH2Cl2 solution and calculated at the DFT level (UB3LYP/LANL2DZ) (top). Chemical structures
of Pcs 28–32 (bottom). Experimental values of 32 were determined by UPS on thin films and
ELUMO of 28 was calculated from EHOMO and the optical gap in pyridine. EHOMO and ELUMO were
calculated from electrochemical measurements by EHOMO/LUMO (eV) = -[E1/2 - (0.48 V)] - 4.8 eV
(0.48 V is the E1/2ox of ferrocene/ferrocenium (Fc) vs. Ag/AgCl).
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Figure 3.7. Comparison of HOMO–LUMO gaps of Pcs 17–21, 26, 28 and 32, measured by CV in
CH2Cl2 solution, by UV-Vis spectroscopy in pyridine and calculated at the DFT level
(UB3LYP/LANL2DZ). UPS and optical values for Pc 32 were taken from Hill and Kahn72 and
Zahn et al.,62 respectively.

3.5. Conclusions
A change from octa-alkylthio to tetra-alkylthio substitution of discotic Pcs suppresses the
formation of tilted columnar phases for aliphatic chains shorter than C8 and the
introduction of halide atoms (tetra-alkylthio tetra-halide substitution) also suppresses
crystallization. Above room temperature glasses of hexagonal columnar mesophases are
accessible by selecting larger halides and/or shorter aliphatic chains as exemplified in Pcs
20 and 22. In contrast, frontier orbital energies and HOMO–LUMO gaps of the discotic
Pcs are little affected by a change from octa- to tetra-alkylthio substitution and by the
introduction of four Cl, Br, and I atoms. Only the attachment of twelve F-atoms in Pc 17
significantly lowers frontier orbital energies by about 0.5 eV. An ELUMO of about -4.0 eV
places Pc 17 at the border to potentially air stable organic n-type semiconductors but is
0.38 eV higher than ELUMO of the established n-type semiconductor perfluoro Pc 28.
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Derivatives of Pc 17 with an ELUMO well below -4.0 eV may be obtained by the
replacement of the thioether groups with electron withdrawing groups such as
alkylsulfonyl. However, the comparatively lower thermal and chemical stability of Pc 17
may be detrimental to its application in devices.
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9

F-NMR of 6

Figure SI-3.8. 19F-NMR of 6 in DCCl3

POM image

Figure SI-3.9. Fan-shaped texture of Pc 18 at 125 ºC (x 184, crossed polarizers)
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TGA

Figure SI-3.10. TGA of Pcs 17-21

XRD tables
Table SI-3.3. XRD data for Pcs 17-20 at 25 ºC
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Table SI-3.4. XRD data for Pc 21

Table SI-3.5. XRD data for Pc 22
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Table SI-3.6. XRD data for Pc 23

Table SI-3.7. XRD data for Pc 24
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Table SI-3.8. XRD data for Pc 25

Table SI-3.9. XRD data for Pc 26
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UV-Vis Spectrsocopy

Figure SI-3.11. UV-Vis spectra of CuPc derivatives in pyridine solution (~10-6 M) plotted versus
energy (eV).
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Electrochemistry

Figure SI-3.12. Cyclic voltammograms of compounds 17-21 and 26 in CH2Cl2

136

Figure SI-3.13 Cyclic voltammograms of compound 26 in CH2Cl2 (DCM) and pyridine (Py) for
comparison.
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DFT calculations in Gaussian 03 (DFT-UB3LYP-LANL2DZ)
Table SI-3.10 Calculated frontier orbital energies of Pcs 17-21, 26, 28, 31, and 32 in eV;Given
are α (upper) and β (lower) values of the open shell calculations.
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Figure SI-3.14. Contributions to HOMO and LUMO orbitals when calculated by DFTUB3LYPLANL2DZ (alkyl groups were replaced by methyl groups).

Table SI-3.11. Calculated frontier orbital energies of Pcs 29 and 30 in eV

141

Figure SI-3.15. Contributions to HOMO and LUMO orbitals for 30 (left) and 29 (right).

Table SI-3.12 Calculated frontier orbital energies of four regio-isomers of Pc 18 (methyl for octyl
groups).
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Figure SI-3.16 HOMO and LUMO gaps for the four different regio-isomers of Pc 18 (methyl for
octyl groups).

Figure SI-3.17. Contributions to HOMO and LUMO orbitals for the four different regioisomers
of Pc 18 (methyl for octyl groups).

143

Chapter 4

Measurements and Prediction of Electronic Properties
of Discotic Triphenylenes and Phthalocyanines
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Measurements and Prediction of Electronic Properties of
Discotic Triphenylenes and Phthalocyanines
4.1. Abstract
Objective of this study is the measurement and prediction of the effect of structural
changes on the electronic properties of discotic liquid crystals (DLCs), an emerging class
of organic semiconductors. Relative changes in frontier orbital energies of potentially
discotic triphenylene (TP) and phthalocyanine (Pc) derivatives with different substitution
patterns and substituents were predicted by gas phase molecular orbital calculations at a
density functional theory (DFT) level. Calculations were performed with different basis
sets and obtained frontier orbital energies are compared with experimental data of TP and
Pc derivatives that have been studied by cyclic voltammetry (CV) and UV-Vis
spectroscopy. Particular interest was given to a possible transition from p-type to n-type
properties. A LUMO energy of -4.0 eV is used as reference point because this or lower
LUMO energies have been proposed to provide potentially air stable n-type organic
materials.

4.2. Introduction
Columnar mesophases of discotic liquid crystals (DLCs) have been studied as an
alternative class of organic semiconductors.1-8 Anisotropic charge carrier mobility values
along the columnar stacks of up to 1 V cm-1 s-1 have been reported. 9-12 Their solubility
and film forming properties qualify them for solution processed organic electronic
devices such as OFETs, OLEDs, and photovoltaic cells and their self-organizing
properties promise self-healing capability.
Most reported DLCs are electron rich and function as p-type materials while only a small
number of electron deficient, potentially n-type, DLCs are known. It has been proposed
that potentially air stable n-type organic semiconductors require a LUMO energy of -4.0
eV or lower, which can be achieved at the molecular level by the introduction of hetero
atoms and π-electron withdrawing groups. However, the synthesis of discotic LCs with
LUMO levels of -4.0 eV or lower is complex because any structural changes that increase
electron affinity also affect their mesomorphism, charge conduction, and many other
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properties. Consequently, only few compounds of DLCs with LUMO levels of -4.0 eV or
lower are known. Reported here is a systematic approach to categorizing functional
groups that are potentially useful for DLCs and their effect on the frontier orbital energies
of TPs and Pcs, two well studied discotic cores. Experimental data obtained by cyclic
voltammetry (CV) and UV-Vis measurements on discotic TPs and Pcs are used to
determine the most suitable level of theory and basis set for the prediction of frontier
orbital energies of unknown potentially discotic TP and Pc derivatives by DFT
calculations.

4.3. Experimental
Electrochemical measurements were performed using a standard one-compartment, threeelectrode electrochemical cell connected to an electrochemical analyzer BAS 100B/W
(Bioanalytical Systems). The working electrode was a glassy carbon electrode (3 mm
diameter) that was freshly polished with a suspension of Al2O3 in Millipore H2O and
ultrasonically rinsed with ethanol before each measurement. Silver (Ag/0.1 M AgNO3 in
CH3CN) and platinum wires were used as reference and counter electrodes, respectively.
All solvents were obtained from a solvent purification system (Innovative Technology
Inc. MA, USA, Pure-Solv 400) and tetrabutylammonium perchlorate (TBAP) of
electrochemical grade (Aldrich) was used as supporting electrolyte. Ferrocene (Fluka)
functioned as internal standard and all measurements were conducted under dry Argon.
Solutions were saturated with Argon for deaeration and to maintain an Argon blanket for
at least 15 minutes prior to each measurement.
Approximate energies of the HOMO/LUMO levels were determined from the first
oxidation and the first reduction potentials, respectively, by taking the known EHOMO of
ferrocene (Fc) (4.8 eV below the vacuum level) as reference value. The Eox of
ferrocene/ferrocenium versus Ag/Ag+ as internal standard was measured to be -0.48 V
and EHOMO/LUMO values of all measured compounds were calculated according to the
equation: EHOMO/LUMO (eV) = - {Eox/red - (-0.48)} - 4.8 eV. Optical HOMO-LUMO gaps
were measured by UV-Vis spectroscopy of solutions in THF (spectroscopic grade) on a
Varian Cary 50 Conc. UV-Visible Spectrophotometer. The onset of the longest
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wavelength absorption was used to determine the optical gaps according to the equation
Eg = 1242/λonset.
DFT calculations were performed with CAChe WorkSystem Pro Version 6.1 software
(Fujitsu America)

13

and with Gaussian 03 (Gaussian, Inc.: Pittsburgh, PA, PC-404).14

HOMO and LUMO orbitals and their energies were calculated following a full
optimization for each molecule using the DFT geometry method. To reduce the
computation time, alkyl groups in discotic Pc and TP derivatives were replaced by methyl
groups. Different dihedral angles between functional groups (e.g. ester and sulfonyl
groups) and the aromatic system were tested but their influence on EHOMO/LUMO was
smaller than 1%.
Synthesis, mesomorphism, and electronic properties of all experimentally studied TPs and
Pcs have been reported elsewhere by us and other groups.

4.4. Results and discussion
4.4.1. Triphenylene derivatives:
The structures of all investigated TPs are given in Scheme 4.1. Compounds for which
HOMO and LUMO levels have been determined experimentally and by quantum
chemical calculations are separated from compounds for which only calculated values are
available. Compounds TPs 1-5 were measured by CV and UV/Vis spectroscopy in
solution while redox potentials for compounds TPs 6-8 and 10 were reported by other
groups. All experimentally determined redox potentials, EHOMO/LUMO, and HOMO/LUMO
gaps are listed in Table 4.1.
Compounds TPs 1-5 show reversible or quasi-reversible oxidation peaks but only
compounds TP-3 and TP-5ns show reversible reduction peaks and an irreversible
reduction is observed for TP-5s. Reduction potentials of TP-1, 2, and 4 must be <-2.20 V
and outside the solvent dictated electrochemical window. Cyclic voltammograms of
compound TP-3 are provided in Figure 4.1 and show the first oxidation and reduction
peaks.
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Scheme 4.1. TP derivatives studied experimentally and by quantum chemical calculations (left)
and TP derivatives studied only by quantum chemical calculations (right). Compounds TP-1 to -4,
-10, and -15 are known discotic LCs when methyl is substituted by longer alkyl chains.

Exchange of one alkoxy group by electron withdrawing nonaflate (TP-2) or cyano (TP-3)
groups decreases EHOMO by only 0.09 eV and 0.13 eV while ELUMO was decreased by 0.47
eV and 0.75 eV, respectively, in comparison to TP-1. Surprisingly, the introduction of
three nonaflate (TP-4s/ns) or cyano (TP-5s/ns) groups does not necessarily cause a larger
change in frontier orbital energies in comparison to TP-1. Frontier orbital energies
measured for symmetric compound TP-4s are within 0.1 eV of the value of TP-1 whereas
larger changes of ELUMO are observed for the unsymmetric TP-4ns. However, ELUMO of
TP-4ns only increases by about 0.24 eV with regard to TP-1, which is significantly lower
than the 0.47 eV obtained for TP-2 that contains only one nonaflate group. In analogy to
compounds TP-4 frontier orbital energies of unsymmetric TP-5ns are significantly lower
than for symmetric TP-5s but only slightly lower than for TP-3 containing only one
cyano group.
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Table 4.1. Redox potentials determined by CV and optical HOMO-LUMO gaps of substituted
triphenylene derivatives.

COMP

1st Ox E1/2a
(±0.05) / V

EHOMOd/ eV

1st Red E1/2a

ELUMOd / eV

(± 0.05) / V

Optical gapg
(eV)

TP-1

+1.06b,c

-5.38

>-2.20

-1.68f

3.70

TP-2

+1.15b

-5.47

>-2.20b

-2.15f

3.32

TP-4s

+ 1.05

-5.37

>-2.20

-1.73f

3.64

TP-4ns

+ 0.97

-5.29

>-2.20

-1.94f

3.35

TP-3

+ 1.19b

-5.51

-2.00

-2.32
-2.43f

e

(-2.48)e

3.08

TP-5s

+ 1.17

-5.49

(-1.84)

TP-5ns

+ 1.32c

-5.64

-1.48b

TP-6

+1.73

-6.05

-2.42

-1.9

4.15

TP-7

-

-

-1.50

-2.82

-

TP-8

-

-

-0.05

-5.33

-

TP-10

+1.28

-5.60

-

-

-

-1.95f
-2.84
-2.63f

3.54

3.01

a

V vs. Ag/Ag+ with glassy carbon working electrode in CH3CN; b in CH2Cl2; c in DMF; d eV = [E1/2 - (0.48V)] - 4.8eV (0.48 V is the averaged E1/2ox of ferrocene/ ferrocenium (Fc) versus
Ag/Ag+); e peak potential of irreversible reduction; f calculated from HOMO energy and optical
gap; g Eg = 1242/λonset in CH2Cl2. Redox potentials for TPs 6-8 and 10 were taken from references
15-17, 18 and 19, and 20, respectively.
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It is evident from these results that lowering the symmetry of 2,3,6,7,10,11hexasubstituted triphenylenes affects their frontier orbital energies, especially ELUMO,
more than an increase in number of electron withdrawing groups from one to three.
Cyano groups expectedly generate a larger decrease in frontier orbital energies and
HOMO-LUMO gap than nonaflate groups and in all cases the LUMO energies are
lowered more than the HOMO energies. The compound of highest electron affinity
(lowest ELUMO) and smallest HOMO-LUMO gap is TP-5ns but its ELUMO is still 0.9 eV
above -4.0 eV, the proposed benchmark for air stable n-type organic semiconductors.
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Figure 4.1. Cyclic voltammograms of TP-3 with reversible oxidation (left, 8.2 x 10-4 M in
CH3CN) and reduction peaks (right, 8.0 x 10-4 M in CH2Cl2) at a scan rate of 100 mV/s.

HOMO-LUMO energies were calculated for compounds TPs 1-5 at different levels of
theory and with different basis set and compared with experimental values. A comparison
of the measured optical gaps with calculated values is given in Figure 4.2. Of the tested
methods in CAChe (DVW-6-31g*, B88LYP-6-31g**, and B88LYP-DZVP) and in
Gaussian (B3LYP-6-31g* and LSDA-3-21g) B88LYP-DZVP showed the best agreement
with the experimentally observed relative changes in frontier orbital energies and was the
fastest method of those who gave good agreement with experimental values. Relative
changes in HOMO-LUMO gaps were accurately calculated while predictions of EHOMO
and ELUMO are less reliable because their deviation from the experimental values varied
with the type of compound. The calculated absolute values of EHOMO and ELUMO and
HOMO-LUMO gaps expectedly differ from measured values because all calculations
were conducted on isolated molecules in vacuum.
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All quantum chemically calculated EHOMO and ELUMO and HOMO-LUMO gaps are given
in Figure 4.3. Calculated HOMO-LUMO gaps are expected to be about 0.5 eV below the
experimental optical values based on the comparison shown in Figure 4.2. Calculated
EHOMO values of compounds TP-1, TP-2, and TP-3 are 1 eV higher than the experimental
values and calculated ELUMO values are 0.5 eV higher. Calculated EHOMO values of TP4s/ns and TP-5s/ns are close to the experimental values while their calculated ELUMO
values are about 0.5 eV lower than the experimental values. Despite these deficiencies
the obtained relations between molecular structure and HOMO/LUMO energies should
still be reasonably accurate.

Optical H-L gap
DFT - LSDA - 3-21g
DFT-B3LYP-6-31g*
DFT-B88LYP-DZVP

4.5

Energy (eV)

4.0

3.5

3.0

2.5

TP-1

TP-2

TP-3

TP-4ns

TP-4s

TP-5ns

TP-5s

Compounds

Figure 4.2. Comparison of optically measured (solution in CH2Cl2) and calculated HOMOLUMO gaps

The unsubstituted triphenylene core TP-6 will function as reference in the following
discussion on relative changes in frontier orbital energies. A comparison of compounds,
TP-9, TP-1, and TP-10 reveals that hexasubstitution in 2,3,6,7,10,11-positions with
alkyl, alkyloxy and alkylthio groups, respectively, shifts both EHOMO and ELUMO to higher
values. EHOMO and ELUMO are about equally increased by alkyl substitution while alkyloxy
and alkylthio substitution increases EHOMO more than ELUMO. The smallest HOMOLUMO gap of 2.83 eV is obtained for alkylthio substitution followed by alkoxy
substitutions.
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Figure 4.3. Calculated frontier orbital energies (CAChe, B88LYP-DZVP). All alkyl chains of TP
compounds are replaced by methyl and nonaflate groups of TP-2 and TP-4 are replaced by
triflate groups to reduce computational time.

Tri-substitution of TP-6 with three π-electron withdrawing ester groups in TP-15ns
lowers EHOMO and ELUMO by 1.5 eV and 0.9 eV, respectively. Hexasubstitution of TP-6
with three π-electron withdrawing ester groups and three π-electron donating alkoxy
groups in TP-11ns increases frontier orbital energies with regard to TP-6 to give values
very similar to the hexa-alkylthio substituted compound TP-10. Clearly, the donating
effect of the alkoxy groups dominates over the electron withdrawing effect of the ester
groups. Exchange of the three methoxy groups in TP-5ns and TP-11ns by three methyl
groups and three H atoms gives compounds TP-14ns and TP-15ns, respectively.
Exchange of alkoxy by alkyl lowers ELUMO by 0.44 eV and EHOMO by 0.92 eV. EHOMO and
ELUMO of TP-15ns are lowered even more by the exchange of alkoxy with H atoms to
give values that are 1.7 eV and 1.6 eV below the HOMO/LUMO energies of TP-11ns. A
similar decrease in frontier orbital energies is observed when six alkoxy groups of TP-1
are substituted by six alkyl groups in TP-9 and seems to be a general trend.
A comparison of TPs containing three alkoxy and three electron withdrawing groups with
unsymmetric substitution pattern (TP-5ns and TP-11ns to TP-13ns) was used to quantify
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the effect of different electron withdrawing groups on EHOMO and ELUMO. The ester groups
in TP-11ns are by more than 1.0 eV less effective in lowering the frontier orbital energies
than the cyano groups in TP-5ns and NO2 and SF5 groups in TP-12ns and TP-13ns are
even more effective than CN groups. ELUMOs in TP-12ns and TP-13ns are lowered by 0.7
and 1.1 eV, respectively, whereas EHOMOs are only lowered by 0.2 eV in comparison to
TP-5ns. Consequently, compounds TP-12ns and TP-13ns have the smallest HOMOLUMO gaps of all investigated compounds with 1.8 eV and 1.5 eV, respectively, and
their LUMO energies are at -4.0 eV and below.
Sufficiently low LUMO energies can also be achieved by substituting TP-6 with six
electron withdrawing groups. Both TP-16 and TP-18 are potentially discotic TPs because
three side-chains can be attached via the ester and sulfonyl groups but only TP-18 has an
ELUMO below -4.0 eV. HOMO-LUMO gaps in both compounds remain relatively large
with 2.7 eV.
Electron affinity may also be increased by exchanging C for N in the core as shown for
hexaazatriphenylene TP-7 that has EHOMO and ELUMO values that are 0.5 eV and 1.3 eV
lower than those of TP-6 and the gap is lowered from 3.5 eV to 2.7 eV. Substitution of
TP-7 with 6 electron withdrawing CN groups generates TP-8 as the most electron
deficient triphenylene derivative studied here but this compound is not liquid crystalline.
Potentially discotic hexaazatriphenylene derivatives are TP-17 and TP-19 and both have
LUMO energies well below -4.0 eV and relatively small HOMO-LUMO gaps of about
2.2 eV.
4.4.2. Phthalocyanine derivatives:
Cyclic voltammetry (CV), differential pulse voltammetry (DPV), UV-Vis spectroscopy
and DFT quantum chemical calculations of Pc-1 and -2 and reference compound
perfluoro phthalocyaninato copper (Pc-3 in Scheme 1) were carried out to determine their
frontier orbital energies and the contributions of the macrocycles to the frontier orbitals.
All Pcs were measured in 2-6 × 10-5 M CH2Cl2 solution.
All redox processes of Pcs 1-3 were quasi-reversible as confirmed by a constant increase
of ∆Ep with increasing scan rates and a ∆Ep larger than 0.059 V (approximately 0.100 V)
at a scan rate of 0.100 Vs-1.21 The peak currents increased linearly as a function of the
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square root of scan rates (Ip/ν1/2) for scan rates ranging from 0.050-0.500 Vs-1, indicating
that the electrode reactions are merely diffusion-controlled for all redox processes. A
diffusion-controlled mass transfer mechanism is also supported by the fact that peak
current ratios (Ipc/Ipa) are approximately unity and do not vary considerably with scan
rates.
It has previously been established that electrochemical oxidations and reductions of
copper(II) Pcs occur exclusively on the phthalocyanine ring and not the central Cu (II)
ion.22 Exclusive reduction of the phthalocyanine ring is also supported by the observation
that the peak-to-peak separation of the first and second reduction processes is less than
0.600 V whereas involvement of the central metal ion often gives a separation larger than
0.600 V.22 It has also been reported that CV measurements on copper(II) Pcs are
generally not much affected by aggregation23 in contrast to CV curves of Pcs containing
other metal ions.24-25
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Scheme 4.2. Investigated copper phthalocyanine derivatives.

Pcs 1 and 2 show one oxidation and two one-electron reductions in the covered
electrochemical window of -2.0 V to 2.0 V (Table 4.2 and Figure 4.4) whereas only a
quasi reversible oxidation peak is observed for compound Pc-3. The 1st and 2nd reduction
peaks are too weak and broad to be determined with certainty because of a low solubility
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and strong aggregation in solution. A value of -0.1 V (vs Ag/AgCl) was reported in the
literature for the 1st reduction potential but no experimental details were given.26
HOMO–LUMO gaps determined by CV were calculated based on the differences in 1st
oxidation and reduction potentials (∆Egap). The determined values of 1.84 eV and 1.85
eV for Pc-1 and Pc-2, respectively, are similar to the optical HOMO–LUMO gaps
obtained by UV-Vis spectroscopy in CH2Cl2. Surprisingly, Pc-1 is by about 0.1 V easier
to oxidize and more difficult to reduce than Pc-2 although Pc-2 contains twice as many
electron donating alkylthio groups. Frontier orbital energies of the air stable n-type
semiconductor Pc-3 were determined by CV and optical gap measurements in pyridine
solution and are in good agreement with values obtained by other techniques.27-28
Table 4.2. Half-wave potentials (E1/2, V vs Ag/AgCl) of Pcs determined by cyclic voltammetry in
CH2Cl2 solution (2-6 x 10-5 M, 0.1 M TBAP, glassy carbon working electrode, scan rate of 0.100
Vs-1)
E1/2 (I)a
E1/2 (II)a
E1/2 (III)a
∆Egapb
Comp.
+
+
+
(V vs Ag/Ag )
(V vs Ag/Ag )
(V vs Ag/Ag )
(V = eV)
0.85
-0.99
-1.27
1.84
Pc-1
0.94
-0.91
-1.15
1.85
Pc-2
c
c
1.85
n.o.
n.o.
Pc-3
Pc-4d
1.43
-0.18
-0.57
1.61
a
E1/2 = (Ep,a +Ep,c)/2 at 100 mVs-1. b ∆E = E1/2 (first oxidation) - E1/2 (first reduction) = HOMOLUMO gap, c The first two reduction peaks could not be resolved with certainty presumably due
to strong aggregation. A peak was observed at -0.84 V by DPV and likely is the third reduction
step. d Redox potentials for Pc-4 as metal-free derivative were taken from reference 29.
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Figure 4.4.Cyclic voltammogram of Pc-2 in 0.1 M TBAP/CH2Cl2 solution vs Ag/Ag+.
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Density Functional Theory (DFT) calculations were performed by using the hybrid
density functional UB3LYP30-31 with LANL2DZ32-34 basis set for both geometry and
property calculations in vacuum because they have been successfully employed in
calculations on other copper(II) Pcs.35 A comparison of HOMO and LUMO energies
obtained by CV and DFT calculations is given in Figure 4.5. Relative changes of EHOMO
and ELUMO are in good agreement with the values determined by CV, except for Pc-1,
while the absolute values of measured and calculated frontier orbital energies expectedly
differ by up to 0.6 eV. Calculated orbital energies were generally lower than the
experimental values and differed more for EHOMO than for ELUMO. No optimization was
attempted, e.g. by including solvent interactions, because our interest is the prediction of
relative changes.
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Figure 4.5. Comparison of EHOMO and ELUMO of Pcs 1 and 2, determined by CV in CH2Cl2
solution and calculated at the DFT level (UB3LYP / LANL2DZ). Experimental values of Pc-9
were determined by UPS36 on thin films and ELUMO of Pc-3 was calculated from EHOMO and the
optical gap in pyridine. EHOMO and ELUMO were calculated from electrochemical measurements.
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In our search for electron deficient Pcs we compared Pcs 4, 7 and 8 that were substituted
by four alkyl sulfonyl groups in which Pc-4 substituted by another four sulfonyl groups
but Pc-7 also contained four CN groups and Pc-8 12 fluorine atoms. Introduction of eight
alkyl sulfonyl groups is the most sufficient for lowering ELUMO below -4.0 eV when
compared to Pcs 7 and 8. HOMO/LUMO gaps were only slightly affected by the different
substitution patterns.
Differences in frontier orbital energies between substitution in 2,3- and 1,4-positions were
studied by comparing octa-fluorinated 2,3-subsituted Pc-5 with 1,4-subsituted Pc-6. The
calculated frontier orbital energies of Pc-5 are in excellent agreement with experimental
values37 and a larger HOMO/LUMO gap but lower frontier orbital energies are predicted
for Pc-5 in comparison to Pc-6. This result agrees with measured optical gaps for other
2,3- and 1,4-substituted Pcs that were always larger in 2,3-susbtituted Pcs.38
DFT calculations also reveal that the Pc macrocycle in Pcs 1-9 primarily contributes to
both HOMO and LUMO orbitals while the contribution of the substituents is small. This
is important because the ease of charge conduction along discotic columnar stacks
depends on the transfer integrals between HOMO and LUMO orbitals of adjacent
macrocycles. A location of the frontier orbitals on the center macrocycle ensures that the
transfer integral is less affected by the mutual rotation of stacked macrocycles.39

4.5. Summary and Conclusions
A combination of experimental measurements and DFT calculations is a powerful
approach for the search of new electron deficient discotic liquid crystals. Our comparative
studies provide a ranking of typical π-electron withdrawing groups based on their
potential of lowering ELUMO: nonaflate < alkylester < CN < SO2alkyl < NO2 < SF5.
However, it is also shown that lowering the symmetry of substitution patterns can
significantly lower frontier orbital energies, which is mainly due to splitting of
degenerated orbitals. Several potentially discotic TPs and PCs that have ELUMO values
below -4.0 eV have been proposed based on DFT calculations.
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Face– and Edge–On Orientations of Octa–Acid and
–Alcohol Substituted Tetraazaporphyrins in L– and LB–
Monolayers
5.1. Abstract
Polyaromatic dyes, such as phthalocyanines and tetraazaporphyrins (TAPs), arrange with
an edge–on orientation of the macrocycle in almost all Langmuir (L) and Langmuir–
Blodgett (LB) monolayers, especially when condensed at higher surface pressures.
Presented here is a new amphiphilic TAP that contains eight terminal carboxylic acid
groups attached to the macrocycle via decyl spacers, which forms stable L– and LB–
monolayers with a flat–on orientation of the macrocycle. A spider–like molecular
conformation is proposed based on the measured surface area per molecule and film
thickness determined by ellipsometry and AFM and consists of a macrocycle on top of
eight orthogonal decyl chains that are attached to the water subphase or substrate by their
terminal carboxylic acid and carboxylate groups. Octa–acid TAPs with shorter alkyl
spacers form edge–on structures in L–films upon compression and are not free of 3–
dimensional aggregates based on observations by Brewster angle microscopy (BAM). All
octa–acid TAPs are prone to spontaneous self–assembly that is attributed to strong
interactions between carboxylic acid groups. Aggregation and spontaneous self–assembly
can be minimized by deprotonation of the carboxylic acid groups but all octa–acid TAPs
become water soluble at a pH of 8 and higher. Cu(II) chelates of the octa–acid TAPs were
also prepared but are unsuitable for L–film formation because of insufficient solubility in
chloroform. L– and LB–films of octa–hydroxy TAPs with propyl and undecyl spacers
were also studied for comparison. An edge–on orientation of the macrocycle is obtained
at higher surface pressures for both TAPs, although a flat–on orientation of the
macrocycle in a spider–like confirmation may be present at low surface pressure for the
derivative with undecyl spacers. No mesophases are formed by any of the octa–acid and –
hydroxy TAPs as confirmed by polarized optical microscopy and thermal analysis
measurements. In fact, of the octa–acid TAPs only the derivative with the longest spacer
(decyl) melts at a temperature below the onset of thermal decomposition.
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5.2. Introduction
Processing of polyaromatic dyes, such as phthalocyanines (Pcs), tetraazaporphyrins
(TAPs), into thin films has been intensely studied over the past 30 years because of their
applications in organic devices for sensing, optics, xerography, and organic electronics.1-5
Solution processing of these notoriously insoluble dyes by spin coating, ink–jet printing,
the Langmuir–Blodgett (LB) deposition, and other methods is possible when the
solubility is increased by the attachment of flexible side–chains to increase solubility and
aid surface wetting.2,6,7 Especially the synthetically more challenging attachment of both
aliphatic and hydrophilic side–chains generates amphiphilic dyes with enhanced
interfacial properties.2,8 Many of these substituted dyes also self–organize into
semiconducting columnar stacks that, in combination with self–assembly, generate
layered films with in–plane alignment of columnar stacks.6,7, 9-11
In most thin films of Pcs and TAPs is the alignment of the aromatic core edge–on or tilted
with regard to the subphase or substrate because of strong co–facial interactions between
the macrocycles. A face–on orientation has been rarely achieved, which is an important
limitation since many device properties, such as charge injection from an electrode,
anisotropy of absorption and emission, and sensitivity towards analytes, may benefit from
a face–on orientation. Stable monolayers of face–on oriented Pcs and TAPs may also
function as alignment layer for the orthogonal orientation of organic semiconductors
based on columnar mesophases of discotic Pcs and TAPs.
Most solution based attempts of generating mono– and multi–layers of Pcs or TAPs with
a face–on orientation of their macrocycles have relied on the LB technique12,13 although
some studies based on self–assembled monolayers have also been reported.14 A flat–on
anchoring of the rather hydrophobic Pc macrocycle requires the attachment of strongly
polar groups either to the centre or the perimeter of the macrocycle to overcome the
strong co–facial interactions between Pcs.12 Flat–on orientations of the Pc macrocycle
have been reported for several Langmuir– (L–) monolayers that contain strongly polar,
especially ionic, groups between the macrocycle and aliphatic side–chains. However, in
many cases is the flat–on orientation solely inferred from surface areas per molecule data
and do not exclude other, more complex molecular arrangements.12 Transfer of the flat–
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on oriented L–films onto substrates to form LB–monolayers of Pcs with retained flat–on
orientation of the macrocycle has been even less successful because most L–films with
flat–on orientation do not transfer well at low surface pressure and are not stable to higher
surface pressures.12, 15 More stable L– and LB–films have been obtained with mixtures of
flat–on oriented Pcs with fatty acids or other aliphatic surfactants to provide a ratio of the
foot prints of aliphatic chains and macrocycle close to 1.16-18
L– and LB–films of TAPs19-25 have attracted much less attention than L– and LB–films of
Pcs but their lower propensity for co–facial aggregation26 should make them better
candidates for films with flat–on oriented macrocycles. The only attempt of preparing
TAP LB–monolayers with flat–on orientation of the macrocycle we are aware of was
based on oligo(ethylene oxide) substituted TAPs.13 Their copper chelates form stable L–
monolayers at the air–water interface and the macrocycle is likely oriented flat–on with
the oligo–ether groups being dissolved in the subphase. However, transfer onto silicon
wafers produces LB–monolayers of edge–on orientation.
Presented here is a new design for amphiphilic TAPs that may form face–on monolayers
at interfaces. Radial attachment of eight carboxylic acid or hydroxyl groups to the TAP
core via flexible aliphatic chains is expected to pin down the core when exposed to polar
surfaces (Scheme 5.1). The use of TAPs with aliphatic spacers between the polar
anchoring groups and the macrocycle is unprecedented for L– and LB–films of TAPs and
Pcs. An enhancement of the amphiphilic character and the distance between macrocycle
and subphase with increasing spacer length is expected.

5.2. Experimental Section
5.2.1. Synthesis
The synthetic pathway to the octa–acid and –alcohol TAPs follows the established Mg–
propanolate route27, 44 and is outlined in Scheme 5.1. Experimental details are provided
as supplementary information.
5.2.2. L– and LB–Films
Surface pressure–area isotherms were obtained on thermostated Langmuir film balances
(Nima Technology Ltd., Coventry, U.K.) at 15 °C and with compression speeds of 10, 5,
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or 3 cm2 min–1 (equivalent to approximately 6, 3, or 1.8 Å2 molecule–1 min–1,
respectively). Surface pressures were measured using a filter paper Wilhelmy plate.
Ultrapure water (Millipore) was used as subphase (resistivity = 18.3 MΩ cm) and
obtained from an EasyPure II LF system (Barnstead, Dubuque, IA). Metal–free octa–acid
and –alcohol TAPs were spread from 10–5 to 10–4 M solutions in 9 : 1 mixtures of
chloroform and THF or pure chloroform. The absence of aggregation in these solutions
was confirmed by UV/Vis spectroscopy as described above (Figure 5.1). Langmuir
experiments were performed at different pH values (3.0, 6.5, 8.0, and 13) of the aqueous
subphase. The pH of the Millipore water is 6.5 and was adjusted to 3.0 by the addition of
10 M HCl and to 8.0 and 13 by the addition of NaOH or Ca(OH)2. Typically, 30–200 µL
of TAP solution was spread onto the water layer. Compression of the barriers commenced
after 2 minutes and the pressure–area isotherms were monitored.
Brewster angle microscopy (BAM) and ellipsometry measurements on L–films were
carried out with an I–Elli2000 imaging ellipsometer (Nanofilm Technologie GmbH,
Göttingen, Germany) equipped with a 50 mW Nd:YAG laser (λ = 532 nm).

All

experiments were performed using a 20× magnification with a lateral resolution of 1 nm.
BAM experiments were performed at an incident angle of 53.15° (Brewster angle of
water) and a laser output of 50% (analyzer, compensator, and polarizer were laser output
of 50% (analyzer, compensator, and polarizer were all set to 0). The scale of each taken
image was 220 microns x 220 microns. Ellipsometric measurements were carried out at
an incident angle of 50.00° and a laser output of 100% with the analyzer and compensator
set to 20.00°. The reported thickness is an average of 10 measurements each taken at a
different location on the same film.
LB–films on microscope cover slips, quartz slides, mica, and silicon wafers were
prepared by Z–deposition of the LB–film on the upstroke at a speed of 2 mm min–1 using
symmetric compression for all substrates. Microscope cover slips (VWR No. 1 micro
cover glasses, 18 x 18 mm, 1mm thick) and quartz slides (ChemGlass part # CGQ–0640–
03) were soaked in a 1 : 1 mixture of H2SO4 and 30% aqueous H2O2 for 30 minutes. The
slides were then each soaked in ultrapure water 6 times for 10 minutes and stored in
ultrapure water. Silicon wafers (Wafer World Inc., West Palm Beach, FL; type P (boron);
part # 1195) were cleaned by immersing them in a 1 : 1 mixture of concentrated HCl and
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methanol for 30 min, rinsed abundantly with ultrapure water, immersed in concentrated
H2SO4 for 30 min, again rinsed abundantly with ultrapure water, and finally stored in
ultrapure water. Silicon substrates were blown dry with clean air before used. Mica
substrates (Ted Pella, Inc, CA; grade V1; prod # 56) were freshly cleaved prior to coating.
UV/Vis spectra were recorded on a Varian Cary 50 Bio that was equipped with a Cary
polarizer (Glan–Taylor polarizing prism) and a Cary depolarizer (two crystalline quartz
wedges put together so that the crystal axes are at 45 degrees) for the measurements with
linearly polarized and depolarized light. AFM measurements on LB monolayers were
performed on Nanoscope (IIIa) and (IV) instruments (Veeco) in tapping mode under
ambient temperature and humidity. Etched silicon cantilevers were used at a scan rate
frequency of about 2 Hz and resonance frequency of about 300 kHz, with a bending
spring constant of 40 Nm–1. BAM and ellipsometry measurements on LB films were
conducted as described above for L–layers.

Silicon wafers were measured by

ellipsometry prior to coating to determine the thickness of their oxide layers.
5.2.3. Thermal Analysis and Properties
Polarized light microscopy was performed on an Olympus TPM51 polarized light
microscope that is equipped with a Linkam variable temperature stage HCS410 and
digital photographic imaging system (DITO1). Calorimetric studies were performed on a
Mettler Toledo DSC 822e under nitrogen at scan rates of 5 and 10 ºC min–1. Thermal
gravimetric analysis was performed on a Mettler Toledo TGA SDTA 851e. Helium
(99.99%) was used to purge the system at a flow rate of 60 mL/min. Samples were held
at 25 °C for 20 min before heated to 550 °C at a rate of 5 °C/min. All samples were run
in aluminium crucibles.

5.3. Results and discussion
5.3.1. Synthesis
Octa–alcohols C3OH and C11OH have been previously prepared27 and the synthetic
approach to the new octa–acid TAPs follows a similar route (Scheme 5.1). Disodium 1,2–
dicyanoethylene–1,2–dithiolate is alkylated with bromo alkanoic acid methyl esters or
bromoalcohols to give maleodinitriles 1–5. Compounds 1–5 are cyclized to the
166

corresponding magnesium tetraazaporphyrins in a mixture of Mg(II) propanolate in
propanol and subsequently converted to the metal–free tetraazaporphyrins 6–10 by
treatment with hot acetic acid. All methyl ester groups are converted to n–propyl esters
during the cyclization process and most of the alcohol groups are converted to the acetate
esters during the removal of Mg(II) in acetic acid.
Hydrolysis of the esters under basic conditions gives octa–acids C3COOH, C5COOH,
and C10COOH and octa–alcohols C3OH and C11OH in overall yields of 19–34% with
regard to disodium 1,2–dicyanoethylene–1,2–dithiolate. Compounds with propyl spacers
give the lowest yields and are also the thermally least stable derivatives as described
below. Metallation of the octa–acids was achieved in basic aqueous solution of CuCl2 in
close to quantitative yields.
NC

SNa
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SNa

a)

NC

SR

NC

SR

R = (CH2)nCOOCH 3
1: n = 3; 2: n = 5; 3: n = 10;
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RS
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R = ( CH 2)nCO OC 3H 7
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1, 2, 3,
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N

N
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N
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N

N

N
R = ( CH 2)nOOCCH3
9: n = 3; 10 : n = 11
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R = (CH2)nCOOH; M = 2H
C3COOH: n = 3;
6, 7, 8,

d)

9, or 10

C5COOH: n = 5;

e)

C10 CO OH: n = 10
R = (CH2)nOH; M = 2H
C3O H: n = 3; C11OH: n = 11

R = (CH 2)nCOO H
M = Cu
CuC3COOH: n = 3;
CuC5COOH: n = 5;
CuC10COOH: n = 10

Scheme 5.1. Synthesis of octa–acid and –hydroxyl tetraazaporphyrins. Conditions: a) 2.2 eq
Br(CH2)nCOOCH3 (n = 3,5,10), or Br(CH2)nOH (n = 3,11), DMF, 20 ºC, 24 hrs, 65–78%; b)
Mg(OC3H7)2/HOC3H7, refl., 24 hrs, 55–60%; c) Acetic acid, 80 ºC, 1–2 hrs, 75–80%; d) THF, 5
M KOH, refl., 2 hrs, 80–90%; e) CuCl2, THF, 0.1 M NaOH, refl., 12–24 hrs, >90%.

All TAPs are characterized by IR, UV–VIS spectroscopy, elemental analysis, and mass
spectrometry. The metal–free TAPs 6–8 and C3OH are also characterized by 1H– and
13

C–NMR, whereas TAPs C3COOH, C5COOH, C10COOH, and C11OH are studied

only by 1H–NMR because of their lower solubility. Crystals of the metal–free and copper
metallated octa–acid TAPs contain 2–4 water molecules as confirmed by elemental
analysis and TGA (see below).
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5.3.2. Thermal Properties
Decomposition temperatures of all metal–free TAPs were determined by TGA under He
and reveal a significant lower thermal stability of the TAPs with short alkyl spacers in
comparison to C10COOH and C11OH that are almost as stable as reference compound
C9 (Table 5.1, Figure SI-5.7 in ESI). To explain the observed decrease in thermal
stability with decreasing spacer length we hypothesise that decomposition is initiated by
the cleavage of the S–CH2 bond, because this is the dominant fragmentation pathway
observed in mass spectra, and that this S–C cleavage is promoted by nearby OH and
COOH groups through intramolecular H transfer.
The TGA curve of C10COOH shows a first weight loss step of 1.8% at about 160 ºC that
coincides with its melting transition (Figure SI-5.8). This step is interpreted as loss of two
molecules of crystal water, which is consistent with the results for elemental analysis. A
similar step of about 2.4% (equal to two molecules of water) is observed for C5COOH
but is not fully separated from the on–set of decomposition that occurs at about 40 ºC
lower temperature than for C10COOH. Only one weight loss event is observed for
C3COOH that implies decomposition and loss of water occur at similar temperatures.

Table 5.1. Decomposition temperatures of TAPs (extrapolated on–set of 1st derivative) measured
by TGA under He at a scan rate of 5 ºC/min
Comp.

Decomp./ºC Comp.

Decomp./ºC

C3COOH

148

C3OH

151

C5COOH

181

C11OH

208

C10COOH

218

C91

223

1

Reference compound 2,3,7,8,12,13,17,18–octakis(nonylthio)–5,10,15,20–tetraazaporphyrin
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Studies by variable temperature polarized optical microscopy (POM) and differential
scanning calorimetry (DSC) revealed that all metal–free and copper metallated octa–acid
TAPs and C11OH are crystalline solids at room temperature while C3OH is an isotropic
glass (Tg = 49 ºC). Only C11OH and C10COOH reversibly melt into isotropic liquids at
123 ºC and 159 ºC, respectively. TAP C3COOH does not melt below its decomposition
temperature of about 148 ºC and TAP C5COOH melts only in its first heating run at 154
ºC. No DSC transition is observed in the subsequent heating and cooling runs of
C5COOH (Figure SI-5.9) because it solidifies as an amorphous material as confirmed by
POM. All copper metallated octa–acid TAPs decompose before they melt except for
CuC10COOH that melts at 149 ºC (Figure SI-5.10).
5.3.3. Solubility and Aggregation
All metal–free octa–acids and –alcohols are soluble in polar organic solvents, such as
acetone, THF, chloroform, ethyl acetate, DMF and DMSO, whereas the copper
derivatives of the octa–acids show only minimal solubility. A higher solubility is
commonly found for metallated TAPs and similar macrocycles when compared to their
metal–free analogues because of axial interactions between the chelated metal ion and
solvent molecules.13 The low solubility of CuC3,5,10COOH may be reasoned with
possible axial interactions between Cu(II) and carboxylic acid groups that generate
networks of low solubility.
Solubility also depends on the length of the alkyl spacers. Expectedly, TAPs with short
propyl spacers are more soluble in polar protic solvents, such as alcohols, and less soluble
in aprotic solvents, such as chloroform, than the TAPs with long alkyl spacers. All fully
protonated TAPs are insoluble in water but their octa sodium salts dissolve in water and
their solubility increases with decreasing length of their alkyl spacers.
The pH dependent solubility of the sodium octa–carboxylate TAPs in water was probed
by titration of their solutions with 10–3 M aqueous HCl (Figure SI-5.11). No immediate
visual precipitation of the TAPs occurred even after complete protonation at pH < 4 but
the TAPs precipitated out within 1–2 hours. In general, octa–acid TAPs with fewer than
five sodium carboxylate groups precipitate out of aqueous solution within several hours.
Surprisingly, a buffer effect is not noticeable in the titration curves, which likely is a
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result of increasing aggregation during successive protonation.
Although soluble, octa sodium salts of C5COOH and C10COOH form aggregates in
aqueous solution at concentrations as low as 10–6 M and only the octa sodium salt of
C3COOH appears to be non–aggregated in 10–6 M aqueous solution according to UV–
VIS spectroscopic studies (Figure SI-5.12). The degree of aggregation is qualitatively
analyzed by comparing the position and shape of their Q–bands between 600–720 nm
with spectra of non–aggregated solutions.
Aggregation also occurs in organic solutions of the octa–acids and –alcohols but is most
pronounced for octa–acids because of their stronger H–bonds between carboxylic acid
groups. All spreading solutions for the preparation of L films are monitored by UV–VIS
spectroscopy prior to their use to avoid the formation of 3–dimensional aggregates at the
air–water interface due to aggregate formation in the spreading solutions.
Aggregation in the chloroform spreading solutions is circumvented by the addition of
THF for the metal–free octa–acid and octa–alcohol TAPs. A content of 5–10 v% of THF
in chloroform successfully suppresses aggregation even for the strongest aggregating
compound C3COOH (Figure 5.1). Equally effective in separating the metal–free
macrocycles is the addition of one equivalent of trifluoroacetic acid with regard to TAP
but these solutions must be spread immediately because the TAP starts decomposing
under these conditions. Copper metallated octa–acid TAPs strongly aggregated in all
solvents.
THF
1:9 THF/CHCl3

0.5

1:12 THF/CHCl3

Absorbance

0.4

0.3

0.2
aggregation
0.1

0.0
300

400

500

600

λ (nm)

700

800

Figure 5.1. UV/Vis spectra of C3COOH in THF and mixtures of THF and CHCl3 at 1.25x10–5
molar concentration.
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5.3.4. L–films of octa–acid TAPs
Only the three metal–free octa–acid TAPs are sufficiently soluble for the formation of
Langmuir monolayers while the copper metallated derivatives could not be studied
because of their low solubility. Langmuir (L) films were studied by Brewster Angle
Microscopy (BAM) immediately after spreading and during compression to probe
uniformity and phase transitions. All three metal–free octa–acid TAPs form rigid islands
of condensed phases over time and without compression, which is attributed to
spontaneous self–assembly of the TAPs and has been observed for other TAP and
phthalocyanine derivatives (Figure 5.2a–b).24,28 Consequently, gaseous, expanded, and
condensed phases coexist during compression of the mobile phases and this prohibits the
assignment of transitions in the surface pressure (π) versus area (A) isotherms to specific
phase transitions and/or changes of molecular orientation and conformation (Figure 5.3).
The floating islands remain mobile up to surface pressures of 10–15 mN m–1 at a
compression speed of 3 Å2 molecule–1 min–1 (Figure 5.2c). Compression speeds higher
than 3 Å2 molecule–1 min–1 better compete with diffusion controlled self–assembly and
increase on–set values of π but also increase the areas of 3–dimensional aggregates
observed by BAM, especially for TAPs C3COOH and C5COOH. Another evidence of
strong interfacial aggregation between octa–acid TAPs is the irreversibility of their π vs.
A isotherms at any surface pressure.

Figure 5.2. BAM images (pH = 6.5, image sizes are 110 x 220 µm) of the air–water interface
after spreading of TAP C10COOH at surface pressures of 0, 1, 7 and 28 mN m–1, for a)–d),
respectively.
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Figure 5.3. π vs. A isotherms (5 cm2 min–1 = 3 Å2 molecule–1 min–1) of octa–acid TAPs spread
from CHCl3/THF 9 : 1 solution onto pure water (pH 6.5). Average thicknesses of the monolayer
measured by ellipsometry are given for C10COOH at different surface areas per molecule (solid
squares). A description of the molecular structure proposed for phase Π2 is provided in Table 1.

Upon further compression floating islands are eventually pushed against each other to
form immobile films at surface pressures above 10–15 mN m–1.

These mobile to

immobile transitions coincide with the final transitions observed in the π vs. A isotherms
of C3COOH and C5COOH and the last transition before collapse for C10COOH
(Figure 5.3). However, no continuous L films (free of gaps) are formed below a surface
pressure of 20 mN m–1 at a compression speed of 3 Å2 molecule–1 min–1. Consequently,
areas per molecule obtained from the π vs. A isotherms and film thicknesses measured by
ellipsometry at surface pressures below 20 mN m–1 are average values of coexisting
gaseous, expanded, and condensed phases.
At surface pressures above 20 mN m–1 L–films of all octa–acid TAPs are free of gaps but
only TAP C10COOH forms a stable monolayer below its collapse pressure of 40.5 mN
m–1 (Figures. 5.2d and 5.3). At π values of 25–35 mN m–1 the area per moleculeπ→0 in the
monolayer is 184 Å2 and the film thickness is 15–17 Å based on ellipsometry. Both
values agree with a flat–on orientation of the macrocycle and a spider–like conformation
(Π2 in Table 5.1) while other orientations and conformations, including the idealized
structures Π1 (flat–on expanded) and Π3 (edge–on), can be excluded.
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Table 5.2. Estimated areas per molecule and monolayer thicknesses for condensed phases based
on three different idealized orientations and conformations of octa–acid and –alcohol TAPs at the
air–water interface.
Property

Comp.
Π1a
Π2

estimated
areas per

C3COOH
340
C3OH

192b
168b

Π3a

83

molecule
in Å2

C5COOH

398

C10COOH
638
C11OH
estimated
thickness

192b

192b
168b

90

114

C3COOH
4.5 Å

7Å

21 Å

4.5 Å

9Å

23 Å

4.5 Å

16 Å

29 Å

C3OH

of
monolayer

C5COOH
C10COOH
C11OH

a

Diameters of the molecules are calculated based on intermolecular distances obtained for
hexagonal columnar mesophases of octakis(alkylthio)tetraazaporphyrins (side–chains are in an
amorphous state and partially interdigitated) of comparable overall chain length (20.8 Å for
C3COOH and C3OH, 22.5 Å for C5COOH, 28.5 Å for C10COOH and C11OH).26 The packing
distance orthogonal to the TAP core is estimated to be 4 Å, inbetween π–stacking of 3.5 Å and
distances between aliphatic chains of 4.5 Å. bAreas per molecule for Π2 are estimated as eight
times the reported area per saturated fatty acid (24 Å2) or aliphatic alcohol (22 Å2) in a
condensed monolayer. The area per TAP core including the S atoms is about 113 Å2.

L–films of TAPs C3COOH and C5COOH show a fast increase in number of 3–
dimensional aggregates in their BAM images when compressed above 20 mN m–1. This
difference in behaviour to C10COOH is reasoned with a decrease in amphiphilic
character with a decrease in spacer length. Consequently, the L–films of TAPs C3COOH
and C5COOH are less stable and 3–dimensional structures are more easily formed when
the rigid islands are pushed together, similar to what has been reported for an edge–on
monolayer of a phthalocyanine derivative.28
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Clearly, the proposed orientation and conformation of Π2 requires sufficient amphiphilic
character that is obtained with C10 aliphatic spacer chains of C10COOH but not with the
short aliphatic spacers of TAPs C3COOH and C5COOH. Longer aliphatic spacer chains
also better compensate for the mismatch of surface area between the TAP macrocycle
(113 Å2) and the eight carboxylic acid groups (8 x 24 Å2 = 192 Å2). These results are
consistent with observations for simple fatty acids that show sufficient amphiphilic
character for the formation of stable monolayers at chain lengths of C12 or longer.
TAPs C3COOH and C5COOH readily form stable 3–dimensional structures
(aggregates) at the air–water interface even at zero surface pressure, which likely
originates from the formation of networks that have only some carboxylic acid groups
attached to the water surface and the remaining H–bonded to carboxylic acid groups of
neighbouring TAPs. This is a reasonable hypothesis because the enthalpy of dimerization
of carboxylic acids in the gas phase is 50–80 kJ/mol29-32 while the adsorption energy of a
carboxylic headgroup at the air–water interface is only 28 kJ/mol.33 Based on packing
considerations only five of the eight carboxylic acid groups (5 x 24 Å2)34 are required to
occupy the same area as a flat–on TAP core (113 Å2).13
Similarly is the spontaneous self–assembly into condensed phases of all octa–acid TAPs
likely induced by H–bonding between carboxylic acid and carboxylate groups but at the
air–water interphase. H–bonding interactions not only to water but also to neighbouring
carboxylic acid and carboxylate groups have been revealed in condensed L films of fatty
acids.35-37
Molecular packing and π vs. A isotherms of the octa–acid TAPs also depend on the pH of
the aqueous subphase because the ratio of protonated to deprotonated carboxylic acid
groups changes with pH.35-37 pH values of equivalents points of the octa–acid TAPs were
determined by titration of the sodium octa–carboxylate salts in aqueous solution (Figure
SI-5.11). Half of the carboxylic acid groups are protonated between pH 6.2 (C3COOH)
and pH 7.5 (C10COOH) while they are all protonated at pH 4.3–4.7 and all deprotonated
at pH 10.3–10.4.
At a low pH of 3 neither of the three octa–acid TAPs form stable condensed L–
monolayers but islands of 3–dimensional aggregates (Figure SI-5.15). This result is
174

consistent with the expected stronger intermolecular interactions between carboxylic acid
groups than between carboxylic acid groups and water. Consequently, more stable and
uniform L–monolayers are expected to from at pH values higher than 6.5, when most of
the carboxylic acid groups are deprotonated. Unfortunately, no stable L–films are
obtained at a pH of 8 or higher of the aqueous subphase because the octa–acid TAPs
become soluble in water. The use of Ca(OH)2, instead of NaOH, as base in the aqueous
subphase does not significantly improve the stability of the L–film of C10COOH (Figure
SI-5.16) although binding cations have been shown to stabilize L–films of water soluble
aliphatic carboxylic acids.38, 39
In an attempt to generate a water insoluble and chloroform soluble octa–carboxylate TAP,
C10COOH was mixed with 8 equivalents of 1–dodecylamine and spread from a 9:1
chloroform/THF solution at a pH of 6.5 of the subphase. This mixture gives featureless
but reversible and identical π vs. A isotherms at compression rates of 1.8, 3, and 6 Å2
molecule–1 min–1 (Figure SI-5.17). Simultaneous measurements by BAM and
ellipsometry suggest that a monolayer free of 3–dimensional aggregates is formed at
pressures below 14 mN m–1 (Figure SI-5.18) and collapses into 3–dimensional aggregates
above this surface pressure. The collapse, although not observed in the π vs. A isotherms,
coincides with a plateaus in the film thickness vs. surface pressure measurement between
10–14 mN m–1. At a surface pressure of 12 mN m–1 the ellipsometric film thickness is
about 17 Å, which agrees with orientation and conformation of Π2 of C10COOH and the
length of dodecylamine in a condensed monolayer. Also consistent with Π2 is the area per
moleculeπ→0 at 12 mN m–1 of about 400 Å2 because each dodecyl ammonium ion has a
foot print of 25 Å2 40,41 and C10COOH in phase Π2 occupies about 192 Å2 as outlined
earlier. However, both the low collapse pressure and the absence of a transition in the π
vs. A isotherms at the collapse indicate a low stability of the monolayer.
5.3.5. LB–films of octa–acid TAPs
L–films of all three octa–acid TAPs and the 1:8 mixture of C10COOH with
dodecylamine were transferred onto glass and quartz slides, mica, and silicon wafers by
Z–deposition on the upstroke at a speed of 2 mm min–1 and symmetric compression.
Calculated transfer ratios remained surprisingly constant between 0.9 and 1.1 at transfer
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pressures between 2.5 and 20 mN m–1 and for all used substrates. Absorption spectra of
all films transferred onto glass and quartz substrates show a bathochromic shift of the
longest wavelength Q–band by 10–20 nm in comparison to solution spectra, which is
consistent with J–type aggregation and excludes H–aggregation (Figure SI-5.19– Figure
SI-5.22).
Despite their similar transfer ratios and absorption spectra, significant differences are
revealed by AFM analysis of films transferred onto silicon wafers and mica. LB–films of
TAPs C3COOH and C5COOH consist of 3–dimensional networks of fibrous aggregates
at any transfer pressure (Figures SI-5.23, SI-5.24). Similar fibre–like aggregates are
obtained for transferred films of C10COOH at transfer pressures below 15 mN m–1
(Figures 5.4a,b Figure SI-5.25) and for the 1:8 mixture of C10COOH with dodecylamine
at a transfer pressure of 12 mN m–1 (Figure 5.4d). LB monolayers are generated only
when L films of TAP C10COOH are transferred onto mica or silicon wafers at surface
pressures of 20 mN m–1 or higher (Figure 4c).

Figure 5.4. AFM images of TAP C10COOH transferred onto mica at a) 2.5 mN m–1, b) 8 mN m–1
and c) 20 mN m–1 and d) a 1 : 8 mixture of C10COOH and dodecylamine transferred onto mica at
12 mN m–1. Imaged areas are 3.5 x 3.5 µm.

The formation of fibre–like aggregates clearly demonstrates that the TAPs in general have
a higher affinity for themselves than for the surfaces of the mica and silicon substrates,
which is consistent with the observation that better quality LB monolayers of C10COOH
are obtained on the more hydrophilic mica than on the less hydrophilic silicon wafer.42
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The transfer of 3–dimensional aggregates and domains rather than continuous films is
consistent with the structures of L–films of TAPs C3COOH and C5COOH but not with
the structures of L–films of C10COOH and the 1:8 mixture of C10COOH with
dodecylamine. Thus, it is likely that the networks of fibrous aggregates are formed during
the transfer process in all cases. This assumption is supported by the absence of
preferential alignment of the fibres since fibres that are present in the L–films are usually
aligned along the dipping direction during a Z–deposition process.2,7,43
AFM measurements (Figure SI-5.26) and ellipsometry of the LB–film of C10COOH
transferred onto mica at 20 mN m–1 confirmed a film thickness of 17 ±1 Å, which is
consistent with the thickness of the L–film at a surface pressure of 20 mN m–1 determined
by ellipsometry. Accordingly, the proposed Π2 type orientation and conformation of
C10COOH in the L–film appears to be also stable in the LB–film.
In summary, L– and LB–monolayers are obtained only for the most amphiphilic TAP
C10COOH at surface pressures of 20 mN m–1 or larger. A film thickness of about 17 Å
and a surface area of about 190 Å2 strongly suggest a Π2 type orientation and
conformation of the molecules. Less amphiphilic octa–acid TAPs C3COOH and
C5COOH do not form monolayers as L– and LB–films but 3–dimensional aggregates
that arrange into networks of fibrous aggregates in LB–films on mica or silicon wafer.
Mostly deprotonated octa–acid TAPs are expected to form more stable and defect–free L–
and LB–films but the TAPs become water soluble at pH values >8. A dodecylammonium
salt of C10COOH forms reversible L–films free of diffusion controlled aggregation and
3–dimensional structures but the monolayer at the air–water interface has low stability
and transfer onto mica again results in the formation of networks of fibrous aggregates.
5.3.6. L– and LB–films of octa–alcohol TAPs
A change from octa–acid to octa–alcohol TAPs evades problems with low solubility and
strong aggregation and L films are straightforward spread from chloroform solution.
BAM studies of the L–films of C3OH and C11OH reveal a much lower degree of
spontaneous self–assembly than for the octa–acid TAPs and the absence of 3–
dimensional aggregates below the collapse pressures of the L–films at 50 mN m–1 and 54
mN m–1, respectively (Figures SI-5.27, SI-5.28). Gap–free films are obtained at surface
177

pressures above 5 mN m–1.
Compression of the L–films of both compounds is reversible at a compression rate of 6
Å2 molecule–1 min–1 but π vs. A isotherms at a slower rate of compression of 3 Å2
molecule–1 min–1 show a larger hysteresis and a discontinuous step (rupture) upon
expansion that is more pronounced for C3OH. The slower compression rate probably
provides the molecules with more time to arrange into orientations that generate a more
stable L–film with stronger intermolecular interactions. However, π vs. A isotherms of
repeated compressions after complete expansions are quasi identical and this also applies
to compression isotherms obtained at different rates of 3 and 6 Å2 molecule–1 min–1.
π vs. A isotherms of both octa–alcohol TAPs show only one phase transition at the same
surface pressure of about 25 mN m–1. Simultaneous measurements of the film thickness
by ellipsometry suggest that the phase above 25 mN m–1 consist of molecules in an edge–
on (phase Π3 in Table 5.1) or tilted edge–on orientation whereas the phase below 25 mN
m–1 more likely resembles a spider–like structure of Π2 in Table 5.1.
The foot print of alcohols with long alipahtic chains is about 21 Å2

34

which gives a

minimum area of 168 Å2 for phase Π2 if all eight hydroxyl groups are attached to the
water surface. Surface areas per molecule Π→0 of 171 Å2 and 315 Å2 and film thicknesses
of 8–12 Å and 13–16 Å are obtained for TAPs C3OH and C11OH, respectively, below
the phase transition at 25 mN m–1, which best agree with a phase Π2 type orientation and
conformation (Table 5.2). Areas per molecule Π→0 decrease to 98 Å2 and 136 Å2 with film
thicknesses increasing to 16–23 Å and 22–28 Å, respectively, after the phase transition at
surface pressures above 25 mN m–1.

178

25

exp

Π2

20

10

5

10

0

0
50 100 150 200
2
Area (Å /molecule)

50

Π3

20

40
15
30
10
20

exp

Π2

5
10

rupture

25

Thickness (Å)

15

30

Surface Pressure (mN/m)

20

Π3

40

60

Thickness (Å)

Surface Pressure (mN/m)

50

rupture
0

0
100 200 300
2
Area (Å /molecule)

Figure 5.5. π vs. A isotherms of TAPs C3OH (left) and C11OH (right) spread from CHCl3
solution onto water (pH = 6.5). Solid lines represent compression and expansion isotherms
obtained at a rate of 6 Å2 molecule–1 min–1. Dashed lines represent expansion isotherms obtained
at a compression/expansion rate of 3 Å2 molecule–1 min–1. Average thicknesses of the L films
measured by ellipsometry are given at different surface areas per molecule (solid squares) for the
compression at 6 Å2 molecule–1 min–1. A description of the molecular structures proposed for
phases Π2 and Π3 ιs provided in Table 5.1.

LB–films of C3OH and C11OH were prepared by Z–deposition on the upstroke at a
speed of 2 mm min–1 and symmetric compression at transfer pressures of 18 and 28 mN
m–1. Transfer ratios for the tested substrates, glass slides, mica, and silicon wafers, were
all close to 1. UV-Vis spectra of the LB-films transferred onto glass slides at 28 mN m–1
and also at 18 mN m–1 for C3OH reveal hypsochromic shifts of the longest wavelength
absorptions from 714 nm to about 700 nm, which indicate an H-type rather than a J-type
aggregation (Figures SI-5.29, SI-5.30). This result is consistent with the proposed edge–
on orientation of the molecules in the L-films at the given transfer pressures that promotes
co–facial interactions. In contrast, a bathochromic shift of the longest wavelength
absorption from 714 nm to 730 nm is observed in the UV–Vis spectrum of the LB-film of
C11OH transferred at 18 mN m–1. The spectrum is similar to the spectrum obtained for
the LB–films of C10COOH and suggests J–type aggregation, which is in line with the
proposed edge–on structure of the preceding L–film.
AFM measurements on the LB–films transferred onto mica and silicon wafers provide
additional information on the micro structure of the LB–films (Figures 5.6). All LB–films
of C3OH (Figure 5.6a) and of C11OH transferred at 18 mN m–1 consist of fibrous
networks of a thickness of 3–5 nm (Figure SI-5.31) rather than monolayers, similar to the
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structures observed for the shorter chain octa–acid TAPs and C10COOH at low transfer
pressures. At a transfer pressure of 28 mN m–1 C11OH forms a monolayer on both tested
substrates although the layer on the silicon wafer contains a large number of holes (Figure
5.6b) and the layer on mica has a large number of cracks (Figure 5.6c).

Figure 5.6. AFM images of LB–films transferred at 28 mN m–1 by Z–deposition of TAP C3OH on
mica (a) and TAP C11OH on silicon wafer (b) and on mica (c). Imaged areas are 5 x 5 µm, 2.5 x
2.5 µm, and 10 x 10 µm, respectively.

These defects, however, were useful for determining the average film thicknesses of 2.7
nm on mica (Figure SI-5.32) but only 2.0 nm on the silicon wafer (Figure SI-5.33). The
measured value of 2.7 nm is close to the predicted thickness of 2.9 nm (29 Å) for an
edge–on orientation of C11OH while the value of 2.0 nm is significantly smaller and
likely originates from a tilted edge–on arrangement. A Π2 type structure is unlikely
because the maximum thickness is much lower with 1.6 nm (Table 5.1). Ellipsometric
measurements on both monolayers gave consistent values of film thicknesses within the
accuracy of ±0.2 nm.

5.4. Conclusions
Stable L– and LB–monolayers with a face-on orientation of the TAP macrocycle are
obtained only for the octa–acid TAP C10COOH with the longest aliphatic spacer. The
TAP macrocycle, however, is not in close contact with the surface of water or a substrate
because the molecular conformation is spider–like with the macrocycle sitting on top of
eight decyl spacer chains that are linked to the carboxylic acid and carboxylate groups at
the hydrophilic surface.
Octa–acid TAPs with shorter aliphatic spacers are insufficiently amphiphilic and generate
3–dimensional networks rather than monolayers, most likely due to H-bonding
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interactions between carboxylic acid groups at and above the surface of water or a
substrate. H–bonding and ionic interactions between carboxylic acid and carboxylate
groups of TAPs are also responsible for their strong aggregation in spreading solutions
and their fast spontaneous self–assembly in L–films that causes the formation of rigid
islands and renders all π vs. A isotherms irreversible. These effects are reduced at higher
pH values of the aqueous subphase because more carboxylate groups are formed and have
a higher affinity for the water surface. Unfortunately, a pH of 13 that is required for a
complete conversion to carboxylate groups is not possible because the molecules become
soluble in water. In fact, no stable L–monolayers are obtained at pH values of larger than
8.
Octa-alcohol TAPs do not aggregate in chloroform spreading solutions, show less
spontaneous self–assembly, and give reversible π vs. A isotherms. Stable L– and LB–
monolayers are obtained only for TAP C11OH with longer undecyl aliphatic spacer at
surface pressures of 28 mN m-1 or higher, that result in an edge–on orientation of the
macrocycle. Clearly, the interactions between hydroxyl groups and water are insufficient
for keeping all hydroxyl groups at the surface and the macrocycle in a flat–on orientation.
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Supporting Information (SI) Chapter 5

Face– and Edge–On Orientations of Octa–Acid and –
Alcohol Substituted Tetraazaporphyrins in L– and LB–
Monolayers
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Thermal Analysis
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Figure SI-5.7. TGA curves of octa-acid TAPs (left) and octa-alcohol TAPs (right) in He at 5
ºC/min. The TGA curve of 2,3,7,8,12,13,17,18-octakis(nonylthio)-5,10,15,20-tetraazaporphyrin
(C9, right) is shown for comparison.
8

loss of H2O

100

4.0

100

loss of H2O

6

0

Mass (%)

98

-2

melting transition

98
3.5
97

96

melting transition

decomposition
97

-4
60

80

100

120

140

160

T (ºC)

180

200

220

240

Heatexo (mW)

2

Heatexo (mW)

4
99

Mass (%)

99

decomposition

95

3.0
60

80

100

120

140

160

180

200

220

T (ºC)

Figure SI-5.8. Expanded range of TGA and DSC (1st heating) curves of C10COOH (left) and
C5COOH (right). The melting transitions coincide with the on-set of weight loss due to loss of
water.
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an irreversible endothermic transition at 154 ºC in the 1st heating run
(see Figure SI-5.13).
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Figure SI-5.11. Titration of aqueous solutions of sodium octa-carboxylate TAPs with 10-3 M
HClaq. Values are averaged over 3 measurements and the standard deviation is given for each
point.
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Aggregation Studies by UV/VIS Spectroscopy
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Figure SI-5.12. UV/VIS spectra of 10-6 M solutions of octa-acid TAPs in 10-3 M NaOHaq that
indicate aggregation of TAPs C10COOH and C5COOH while C3COOH is not aggregated. The
absorption spectra show only two Q-bands, similar to the spectra of metallated TAPs, because the
inner NH protons of the TAPs have been abstracted by the base to form a dianionic macrocycle.
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Langmuir Films of Octa-acid TAPs

Figure SI-5.13. BAM images (imaged area 220 x 220 µm) of C3COOH on pure water (pH = 6.5)
at surface pressures of 0 mN/m, 5 mN/m, 16 mN/m, and 31 mN/m from left to right. 3Dimensional aggregates already appear at low surface pressure (e.g. image at 5 mN/m) but are
persistent and increasing in number at surface pressures above 20 mN/m

Figure SI-5.14. BAM images (imaged area 220 x 220 µm) of C5COOH on pure water (pH = 6.5)
at surface pressures of 0 mN/m, 5 mN/m, and 20 mN/m from left to right. 3-Dimensional
aggregates already appear at low surface pressure but are persistent and increasing in number at
surface pressures above 18 mN/m
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Figure SI-5.15. π vs. A isotherms of octa-acid TAPs at pH = 3.0 of the aqueous subphase.
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Figure SI-5.16. π vs. A isotherms of TAP C10COOH at pH = 12 of the aqueous subphase
obtained with NaOH and Ca(OH)2.
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Figure SI-5.17. π vs. A isotherms (1.8 Å2 molecule-1 min-1) of a 1 : 8 mixture of TAP C10COOH
and dodecylamine spread from CHCl3/THF 9 : 1 solution onto water (pH = 6.5). Average
thicknesses of the monolayer measured by ellipsometry are given for different surface areas per
molecule (solid squares). A description of the molecular structures proposed for phase Π2 is
provided in Table 5.1.

Figure SI-5.18. BAM images (imaged area 110 x 220 µm) of a 1 : 8 mixture of C10COOH with
dodecylamine on pure water (pH = 6.5) at surface pressures of 1.5 mN/m (left) and 11.6 mN/m
(right).
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Langmuir-Blodgett Films of Octa-acid TAPs
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Figure SI-5.19. UV-Vis absorption spectra of an LB film of C3COOH on glass that was
transferred by Z-deposition on the upstroke at a speed of 2 mm min-1 and symmetric compression.
The aqueous subphase had a pH of 6.5 and the transfer pressure was 18 mN/m. Shown are
absorption spectra with depolarized light and linearly polarized light. Orientations 0º and 90º
indicate polarizations parallel and orthogonal to the direction of the upstroke, respectively.
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Figure SI-5.20. UV-Vis absorption spectra of an LB film of C5COOH on glass that was
transferred by Z-deposition on the upstroke at a speed of 2 mm min-1 and symmetric compression.
The aqueous subphase had a pH of 6.5 and the transfer pressure was 18 mN/m. Shown are
absorption spectra with depolarized light and linearly polarized light. Orientations 0º and 90º
indicate polarizations parallel and orthogonal to the direction of the upstroke, respectively.
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Figure SI-5.21. UV-Vis absorption spectra of an LB film of C10COOH on glass that was
transferred by Z-deposition on the upstroke at a speed of 2 mm min-1 and symmetric compression.
The aqueous subphase had a pH of 6.5 and the transfer pressure was 28 mN/m. Shown are
absorption spectra with depolarized light and linearly polarized light. Orientations 0º and 90º
indicate polarizations parallel and orthogonal to the direction of the upstroke, respectively.
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Figure SI-5.22. UV-Vis absorption spectrum (smoothed) of an LB film of a 1 : 8 mixture of
C10COOH with dodecylamine on glass (red) that was transferred by Z-deposition on the
upstroke at a speed of 2 mm min-1 and symmetric compression. The aqueous subphase had a pH
of 6.5 and the transfer pressure was 12 mN/m. Also shown for comparison is the UV-Vis
absorption spectrum of the spreading solution of the 1 : 8 mixture of C10COOH with
dodecylamine in 9 : 1 chloroform/THF (blue)
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Figure SI-5.23. AFM image of the LB film of C3COOH transferred by Z-deposition on the
upstroke at a speed of 2 mm min-1 onto mica at symmetric compression. The aqueous subphase
had a pH of 6.5 and the transfer pressure was 18 mN/m.

Figure SI-5.24. AFM image of the LB film of
C5COOH transferred by Z-deposition on the
upstroke at a speed of 2 mm min-1 onto mica at
symmetric compression. The aqueous subphase
had a pH of 6.5 and the transfer pressure was 18
mN/m.

Figure SI-5.25 . Example
AFM profile measurement of
the LB film of C10COOH
transferred by Z-deposition on
the upstroke at a speed of 2
mm min-1 onto mica at
symmetric compression. The
aqueous subphase had a pH of
6.5 and the transfer pressure
was 2.5 mN/m.
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Figure SI-5.26. Example AFM
profile measurement of the LB film
of C10COOH transferred by Zdeposition on the upstroke at a
speed of 2 mm min-1 onto mica at
symmetric compression. The
aqueous subphase had a pH of 6.5
and the transfer pressure was 20
mN/m.

Langmuir-films of octa-alcohol TAPs

Figure SI-5.27. BAM images (imaged area 220 x 220 µm) of C3OH on pure water (pH = 6.5) at
surface pressures of 0 mN/m, 15 mN/m, and 25 mN/m from left to right.

Figure SI-5.28. BAM images (imaged area 220 x 220 µm) of C11OH on pure water (pH = 6.5) at
surface pressures of 0 mN/m (left) and 20 mN/m (right).
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LB Films of Octa-alcohol TAPs
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Figure SI-5.29. UV-Vis absorption spectra of an LB film of C3OH on glass that was transferred
by Z-deposition on the upstroke at a speed of 2 mm min-1 and symmetric compression. The
aqueous subphase had a pH of 6.5 and the transfer pressure was 28 mN/m. The incoming light
beam was depolarized or linearly polarized parallel (0) and orthogonal (90) to the dipping
direction.
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Figure SI-5.30. UV-Vis absorption spectra of LB films of C11OH on glass that were transferred
by Z-deposition on the upstroke at a speed of 2 mm min-1 and symmetric compression. The pH of
the aqueous subphase was 6.5 and the transfer pressures were 28 mN/m (left) and 18 mN/m
(right). The incoming light beam was depolarized or linearly polarized parallel (0) and
orthogonal (90) to the dipping direction (left).
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Figure SI-5. 31. AFM image and profile of an LB film of C3OH on mica that was transferred by
Z-deposition on the upstroke at a speed of 2 mm min-1 and symmetric compression. The aqueous
subphase had a pH of 6.5 and the transfer pressure was 18 mN/m. A height profile across holes
was used to determine the thickness of the 3-dimensional features to about 3.6 nm on average and
a maximum of 4.8 nm.

Figure SI-5.32. AFM image of an LB film of C11OH on mica that was transferred by Zdeposition on the upstroke at a speed of 2 mm min-1 and symmetric compression. The aqueous
subphase had a pH of 6.5 and the transfer pressure was 28 mN/m. A height profile across holes
was used to determine the thickness of the film to about 2.7 nm on average and a maximum of
3.1nm.
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Figure SI-5.33. AFM image of an LB film of C11OH on a silicon wafer that was transferred by
Z-deposition on the upstroke at a speed of 2 mm min-1 and symmetric compression. The aqueous
subphase had a pH of 6.5 and the transfer pressure was 28 mN/m. The height profile across holes
was used to determine the thickness of the film to about 2.0 nm on average and a maximum of 2.5
nm.
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Cross-linking of discotic tetraazaporphyrin dyes in 2
and 3 dimensions by “click” chemistry
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Cross-linking of discotic tetraazaporphyrin dyes in 2 and 3
dimensions by “click” chemistry
6.1. Abstract
Reported here are the first examples of copper catalyzed azide-alkyne cycloaddition
mediated cross-linking of Langmuir films and the cross-linking of columnar mesophases
by thermally activated azide-alkyne cycloaddition. Both reactions are conducted with 1 :
1 mixtures of octa-alkylazide and -alkynyl substituted tetraazaporphyrins.

6.2. Introduction
First reported in 2002, “click” reactions based on the copper catalyzed azide-alkyne 1,3dipolar cycloaddition (CuAAC) have quickly become a versatile tool in organic,
biological, and materials chemistry. CuAAC reactions are tolerant to most functional
groups, proceed in high yields with few possible side-reactions, and form stable 1,2,3triazole rings as linker.1-3 Their application in the synthesis and processing of selforganizing and self-assembling materials, however, has been limited to the synthesis of
molecular building blocks and the modification of self-assembled monolayers4 and
Langmuir-Blodgett films.5
CuAAC is a particularly powerful reaction for the assembly of complex building blocks
such as the attachment of large dendrons to a rotaxane core,6 the synthesis of oligomeric
phthalocyanines,7-9 and the attachment of dyes to polymers and carbon nanotubes.10 The
1,2,3-triazole rings that result from the CuAAC may also benefit supramolecular
properties, self-organization, and electronic properties of the product because 1,2,3triazoles have a strong dipole, the ability to accept H-bonds, and aromatic character. Both,
calamitic,11-13 polymeric,14 and discotic15-17 liquid crystals containing the 1,2,3-triazole
motive have recently been reported.
Reported here is the synthesis and mesomorphism of discotic tetraazaporphyrins (TAPs)
that are octa-substituted with either alkylazide or alkynyl groups and the cross-linking of
their mixtures in Langmuir monolayers via CuAAC. Also demonstrated is the slow but
facile thermally activated [3+2] cycloaddition in a hexagonal columnar mesophase of
their mixtures. Both, CuAAC in Langmuir films and AAC in mesophases are
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unprecedented to the best of our knowledge.

6.3. Results and Discussion
TAPs

6-7

were

prepared

by

the

established

tetramerization

of

2,3-

bis(alkylthio)maleonitrile drivatives 4-5 in a suspension of magnesium propanolate in
propanol at reflux temperature (Scheme 6.1). The initially obtained crude TAPs are
metallated by Mg, which was removed in situ under acidic conditions to give the metalfree macrocycles 6-7.

Overall yields of 60-70% for cyclization and demetallation are

equal to yields obtained for cyclizations of other 2,3-bis(alkylthio)maleonitrile
derivatives.18-20 Clearly, the presence of terminal alkine and azide groups does not affect
the cyclization and both functional groups are stable to the reaction conditions.
Metallation of TAPs 6-7 with Cu(II) is achieved in a methanolic solution of CuCl2 in
90% yield.
Bromoalkylazides 1a,b are prepared in one step from commercially available
bromoalkylalcohols following a reported procedure21 and alkyne 2a is obtained by
converting the commercially available 4-pentyne-1-ol to its methylsulfonate.22 A different
approach is required for alkyne 2b, which is prepared by statistical nucleophilic
substitution of 1,6-dibromohexane with 1.5 eq. of TMS-acetylene. The obtained product
mixture of 80% 2b and 20% disubstituted compound is used for the following reaction
with 3 because separation of the two products is difficult and only 2b reacts with 3.
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Scheme 6.1. Reaction conditions and yields: (a) THF, PPh3, DIAD, DPPA, 0-20 ºC, 24 hrs;
60%; (b) MsCl, Et3N, H2CCl2, 0 ºC, 5 hrs, 90%; (c) 1.5 eq. trimethylsilylacetylene, BuLi, HMPA,
THF, −78-20 ºC, 15 hrs, 56% 2b and 14% disubstituted product; (d) 3, NaIcat, MeOH, 20 ºC, 24
hrs, 65-70% for 4a,b; 3, Na2CO3, MeOH, 20 ºC, 5 hrs, 65% for 5a; Na2CO3, MeOH, 20 ºC, 5
hrs; then addition of 3 and NaIcat, 20 ºC, 24 hrs, 60% for 5b; (e) Mg(OC3H7)2, HOC3H7, refl., 24
hrs.; (f) AcOH/MeOH 5:1, refl., 8 hrs., 60-70% for (e) and (f); (g) CuCl2, MeOH, refl., 8 hrs.,
90%.

Compounds 1 and 2a readily react with 1,2-dicyanoethylene-1,2-dithiolate 3 to give
maleodinitriles 4a,b and 5a but, surprisingly, reaction of 2b with 3 generates a complex
product mixture. This problem is resolved by in-situ removal of the TMS groups prior to
the addition of 3. Compound 3 was prepared by the method of Davison and Holm.23
Synthetic details and spectroscopic data of all reactions are provided as ESI.
The thermal stability of TAPs 6 and 7 is limited by the stability of their alkynyl and
alkylazide chains and was studied by thermal gravimetric analysis under He. Least stable
are the TAPs with azide groups and propyl spacers (6a and 6aCu) that decompose
between 100-120 ºC. All other TAPs decompose between 140-160 ºC, which is still
significantly lower than the reported 240 ºC for analogous octa-alkenyl substituted
TAPs.19 Only small and non-systematic differences in thermal stability are observed
between metal-free and copper containing TAPs.
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All eight TAPs were studied by polarized optical microscopy (POM), differential
scanning calorimetry (DSC), and X-ray diffraction (XRD) to probe their mesomorphism
(Scheme 6.2). TAPs 6aCu, 6bCu, 7a, and 7aCu display columnar liquid crystal phases.
All other TAPs form crystalline or columnar soft crystal phases, except for 7bCu that is
an amorphous soft solid. Clearly, the more stable mesophases are obtained with the
shorter propyl rather than the hexyl spacers.

Scheme 6.2. Phase behaviour of TAPs as determined by POM, DSC, and XRD. Transition
temperatures are given in ºC and enthalpies in kJ/mol. (POM) indicates that transition
temperatures are obtained by POM and are not observed by DSC. Colh, r are columnar
mesophases of hexagonal and rectangular symmetry, respectively, and soft crystal phase of
columnar structure are designated as Colsc.

A comparison with the reported mesomorphism of octa-alkenyl substituted TAPs19
suggests that terminal alkyne and azide groups destabilize columnar mesophases more
than terminal alkenes. Mesophases of azide TAPs 6 have the lowest temperature ranges,
which is mainly a result of their higher propensity for crystallization and, for propyl
spacers, their lower thermal stability in comparison to TAPs 7. However, the obtained
data do not conclusively determine whether columnar mesophases of TAPs are more
destabilized by azide or alkyne groups.
Langmuir films (L-films) of a 1 : 1 mixture of TAPs 6b and 7a were chosen for the crosslinking by CuAAC because the macrocycles seem to adopt a more face-on orientation at
low surface pressures based on the calculated area per molecule of about 240 Å2 (Figure
6.1). A face-on orientation of the macrocycle is expected to bring more azide and alkyne
groups in contact with the catalyst in the aqueous subphase than an edge-on orientation.
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Figure 6.1. π–A isotherm of a 1 : 1 mixture of TAPs 6b and 7a spread from chloroform solution
onto pure water as subphase (solid line). Change of surface pressure over time of the same
mixture at constant surface area (240 Å2) on pure water (triangles) and on water containing
copper (II) acetate (0.638 x 10-3 M) and sodium ascorbate (1.92 x 10-3 M) (circles).

Both TAPs 6b and 7a are crystalline at room temperature but their surface pressure versus
area (π–A) isotherms are rather different. The isotherm of 6b is featureless and the
pressure exponentially increases with decreasing surface area until the film collapses at a
pressure of about 45 mN m-1 and a surface area of 138 Å2 (Figure SI-6.3). In contrast, Lfilms of 7a show a distinct step in the π–A isotherm before their collapse pressure of
about 45 mN m-1 is reached. The step occurs at a surface pressure/area of 26 mN m-1/152
Å2 and is interpreted as a transition between a more face-on to an edge-on orientation of
the macrocycle. A 1 : 1 mixture of TAPs 6b and 7a used for the CuAAC shows a π–A
isotherm that is a combination of both individual isotherms but shifted to larger molecular
areas (Figure 6.1). This shift indicates a different packing of the molecules in the mixture
and possibly a more flat-on orientation of the macrocycles.
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L-films of the 1 : 1 mixture on an aqueous solution of copper (II) acetate and sodium
ascorbate become insoluble in organic solvents after about 1 hour for the concentrations
given in Figure 6.1, which indicates a cross-linking of the TAPs by CuAAC. Progress of
the cross-linking is monitored by the decrease in surface pressure at a constant area and
the point at which the surface pressure remains constant is interpreted as the completion
of the CuAAC reaction (after about 190 min for the example given in Figure 6.1).
The occurrence of CuAAC and its completion is independently confirmed by IR
measurements of transferred L-films that show a large decrease of the overlapping
azide/alkyne absorptions with time but not a complete disappearance (Figure SI-6.4). A
conversion of only a fraction of all azide and alkyne groups is reasonable because some
azide and alkyne groups will not be able to reach each other once the molecules are
locked into place after the first groups have reacted. In fact, it is surprising that about 78%
seem to react based on the relative integrations of the azide/alkyne absorptions at 2100
cm-1 by using the C-H stretching absorptions as internal reference.
UV-Vis spectra of cross-linked films transferred onto quartz slides verify that the TAP
macrocycle is not affected by the cross-linking (Figure SI-6.5). The spectra also reveal a
red-shift of the Q-bands in the transferred films that suggests a J-type structure and
remains unchanged during the cross-linking process. However, the transfer of intact
cross-linked mono-layers has not yet been achieved; instead the films rupture and
accumulate during transferred, which generates 3-dimensional structures as confirmed by
AFM measurements.
Solutions of any 1 : 1 mixture of azide TAPs 6 and alkyne TAPs 7 can be cross-linked by
standard CuAAC to give amorphous dye polymers but more intriguing is their crosslinking in a columnar mesophases without the use of a copper catalyst. A 1 : 1 mixture of
6aCu and 7aCu displays a Colh phase at 65 ºC and was kept at that temperature for 3
days. IR spectroscopy is used to monitor the progress of azide-alkyne cycloaddition
Figure SI-6.6) while powder XRD measurements confirm the stability of the Colh phase
during the cross-linking process (Figure 6.2).

206

Figure 6.2. Powder XRD patterns of a 1 : 1 mixture of 6aCu and 7aCu at 65 ºC over 44 hours.
The y-axis has been shifted for clarity.

Monitored by IR is again the decrease of the combined azide/alkyne absorption peak that
continues for 40-48 hours until its area is reduced by about 60%. This is 18% below the
value obtained for an L-film but solubility tests show that the material is already rendered
insoluble in organic solvents after 24 hours. Unexpectedly, the cross-linking process
shows little affect on the columnar mesophase, as evidenced by XRD, despite the
formation of relatively bulky and polar triazole rings. What is observed is a small
decrease in intensity of the (10) reflection and its gradual shift to smaller lattice spacings
by 0.2 Å over 44 hours. The former change indicates a small decrease in columnar
packing order while the latter change is explained with the expected shrinkage of the
intercolumnar packing distance during cross-linking.

6.4. Conclusions
In summary, we describe a new set of discotic TAPs that either contain eight alkylazide
or alkynyl groups. 1 : 1 Mixtures of azide and alkyne TAPs can be cross-linked via
CuAAC in Langmuir films and by thermally activated azide-alkyne cycloaddition in their
columnar mesophases. The scope of both methods is presently under investigation for the
preparation of new optical and electronic materials.
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Supporting Information (SI) Chapter 6

Cross-linking of discotic tetraazaporphyrin dyes in 2
and 3 dimensions by “click” chemistry
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Langmuir and Langmuir-Blodgett Films

45

surface pressure / mN/m

7a

6b

40
35
30
25
20
15
10
5
0
100

120

140

160

180
2

area per molecule / Å

Figure SI-6.3. Surface pressure area isotherms of TAPs 6b and 7a on pure water at pH = 6.5
and 25 ºC.
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Figure SI-6.4. IR (film on KBr) of a 1 : 1 mixture of TAPs 6b and 7a (black) and of the same
mixture as Langmuir film after cross-linking by CuAAC (0.638 x 10-3 M copper (II) acetate and
1.92 x 10-3 M sodium ascorbate) for 200 minutes (red) and transfer onto a KBr disk. The progress
of CuAAC is monitored by the decrease of the N3 and C≡C stretching absorptions at 2100 cm-1
(arrow) and no further change was observed for reaction times long than 200 minutes.
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Figure SI-6.5. UV-Vis spectra of a 1 : 1 mixture of TAPs 6b and 7a as thin film on quartz (black)
and of the same mixture as Langmuir film after cross-linking by CuAAC (0.638 x 10-3 M copper
(II) acetate and 1.92 x 10-3 M sodium ascorbate) for 200 minutes and transfer onto quartz (red). A
solution spectrum of 6b in THF (the spectrum of 7a is identical) is shown for comparison (dotted
line).
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Figure SI-6.6. IR spectra of a 1 : 1 mixture of TAPs 6aCu and 7aCu as thin film on a KBr disk
after heat treatment at 65 ºC for specific periods of time. No further change was observed for heat
treatments longer than 48 hrs.
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Instrumentation
Polarized light microscopy was performed on an Olympus TPM51 polarized light
microscope that is equipped with a Linkam variable temperature stage HCS410 and
digital photographic imaging system (DITO1). Calorimetric studies were conducted on a
Mettler Toledo DSC 822e and thermal gravimetric analysis was performed on a Mettler
Toledo TGA SDTA 851e. Helium (99.99%) was used to purge the system at a flow rate
of 60 mL/min. Samples were held at 30 °C for 30 min before heated to 550 °C at a rate
of 5 °C/min. All samples were run in aluminium crucibles. XRD measurements were run
on a Bruker D8 Discover diffractometer equipped with a Hi-Star area detector and
GADDS software package. The tube is operated at 40 kV and 40 mA and CuKα1
radiation (λ=1.54187 Å) with an initial beam diameter of 0.5 mm is used. A modified
Instec hot & cold stage HCS 402 operated via controllers STC 200 and LN2-P (for below
ambient temperatures) was used for variable temperature XRD measurements.
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Chapter 7

Conclusions & Outlook
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7.1. Conclusions
The application of discotic liquid crystals as organic semiconductors in devices, such as
organic light emitting diodes, field effect transistors, and photovoltaic cells, requires not
only a good control over the structure, temperature range, and alignment of their
columnar mesophases but also their electronic properties. The adjustment of frontier
orbital energies, for example, is essential for the control over charge injection at
interfaces as well as electronic absorption and emission properties.
Presented in Chapters 2-4 is the first systematic study on frontier orbital energies of
discotic liquid crystals and how they are affected by structural changes. Experimental
data on frontier orbital energies were obtained by cyclic voltammetry and UV-Vis
spectroscopy in solution and functioned as reference points for computational studies at
the DFT level. This combination of experimental and computational studies is particularly
fruitful for the prediction of frontier orbital energies of discotic liquid crystals that have
not been prepared and the (virtual) generation of compound libraries.
The most important outcome of the studies presented in Chapters 2-4 is a ranking of
structural changes with regard to their effect on the HOMO and LUMO energies of
discotic liquid crystals based on triphenylenes and phthalocyanines. Since the parent
compounds are electron donors all applied structural changes focus on the lowering of the
LUMO energy to improve acceptor properties. LUMO energies below -3.5 eV, the
benchmark for electron acceptor molecules in devices, could only be achieved if more
than 4 electron withdrawing groups are attached to the core structure. Fewer electron
withdrawing groups are required if the electron affinity of the aromatic core structure is
increased by the incorporation of the more electronegative N for CH (e.g.
hexaazatriphenylene has 1.3 eV lower LUMO energy than triphenylene). Most
astonishing, however, was the observed large influence of substitution patterns on the
frontier orbital energies of two triphenylene derivatives that both contain three electron
withdrawing cyano groups. The less symmetrically substituted derivative has a lower
LUMO energy by 0.3 eV and a smaller HOMO-LUMO gap by 0.5 eV. These differences
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are caused by the presence of degenerated frontier orbitals in the more symmetric
triphenylene derivative (C3h symmetry).
Monolayers of discotic liquid crystals could function as alignment layers for columnar
mesophases of discotic liquid crystals of similar structure, which is particularly promising
for the difficult to attain vertical (homeotropic) alignment. To induce a vertical alignment
of a columnar mesophase the discotic cores in the monolayer must be oriented flat-on
with regard to the substrate, an alignment that has been notoriously difficult to achieve in
self-assembled monolayers. A new attempt presented here (Chapter 5) uses
tetraazaporphyrin dyes that are octa- substituted with OH or COOH terminated alkyl
chains of lengths between 3 and 11 methylene groups and deposited by the LangmuirBlodgett method. Only the two tetraazaporphyrins with the longest alkyl spacers are
sufficiently amphiphilic to form good quality monolayers and only the carboxylic acid
terminated derivative remains in a flat-on orientation at surface pressures >20 mN/m that
are required for the transfer of good quality monolayers. The molecular conformation,
however, is spider like and removes the tetraazaporphyrin macrocycle from the surface of
a substrate by the length of the orthogonal side-chains (decyl spacers), an arrangement
that electronically disconnects the macrocycle from the surface and is probably
unfavourable for charge injection.
Better properties for the Langmuir-Blodgett method are expected for the octa-carboxylate
salts as they exclude strong H-bonding interactions between carboxylic acid groups.
Unfortunately, the octa-carboxylate salts do not form stable Langmuir films at the airwater interface, most likely because of their increased solubility in water. Other
disadvantages of the octa-acid tetraazaporphyrins include strong aggregation and low
solubility in many solvents.
Finally, octa-alkyl substituted tetraazaporphyrins containing terminal azide or alkyne
groups were cross-linked at the air/water interface in presence of Cu(I) as a catalyst
(Chapter 6). This is the first example of “click-chemistry” in a Langmuir film and a
surprisingly high 70% conversion of azide and alkyne groups was achieved based on
quantitative IR measurements. A transfer of the cross-linked films was possible by
vertical transfer but AFM measurements on the transferred Langmuir-Blodgett films
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revealed 3-dimensional structures rather than a monolayer. Clearly, the amphiphilic
character of the investigated tetraazaporphyrins is insufficient for the formation of good
quality and stable monolayers.

7.2. Outlook
The methodology for the investigation and prediction of electronic properties of discotic
liquid crystals described in Chapters 2-4 can be easily applied to any type of discotic
compound. Thus, an obvious extension of this work is the investigation of other
interesting discotic core structures, such as perylene, pyrene, and hexabenzocoronene
derviatives, to evaluate the general validity of the structure-electronic property
relationships obtained for triphenylenes and phthalocyanines. However, our main
objective for these studies was the development of predictive tools for the design of
discotic liquid crystals with defined electronic properties. In particular, we are interested
in the synthesis of discotic liquid crystals that are strong electron acceptors and two
candidates we predict to be strong acceptors and discotic liquid crystals are shown in
Scheme 7.1 They need to be synthesized and investigated to confirm the predicted
properties.

HOMO = -6.07 eV
LUMO = -4.55 eV

HOMO = -7.10 eV
LUMO = -4.25 eV

Scheme 7.1. Predicted strong acceptor discotic liquid crystals based on triphenylenes and
phthalocyanines
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An improved design for amphiphilic tetraazaporphyrins based on the results described in
Chapters 5-6 should provide more amphiphilic character and a lower propensity for
aggregation. Ideal candidates are derivatives that contain four carboxylic acid groups and
four aliphatic side-chains as shown in Scheme 7.2 These compounds are expected to be
more soluble in organic solvents and insoluble in water as tetra-carboxylate salts. Also,
the area covered by four carboxylate salts is about equal to the area of the
tetraazaporphyrin core, which should ensure a face-on orientation of the macrocycle. The
aliphatic side-chains are expected to orient towards the interface with air and provide an
overall amphiphilic structure with 4 tails and four ionic or polar head groups. The
position of the macrocycle can be altered by changing the lengths of the aliphatic spacer
groups and side-chains.

Scheme 7.2. Proposed amphiphilic tetraazaporphyrin that forms Langmuir-Blodgett
monolayers with face-on orientation

This design may also be fruitful for the preparation of cross-linkable tetraazaporphyrin
derivatives by simply replacing the aliphatic side-chains with aliphatic chains that are
terminated with azide or acetylene groups. However, neither of the sets of compounds is
likely to generate monolayers that function as alignment layer for discotic liquid crystals
because the macrocycle is embedded by the side-chains but these films may be of interest
for other applications such as optical coatings and sensing.
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